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Chapter 
I NTRODUCT ION 
"One of the most exc i t i ng problems in molecula r 
biology today i s the elucidat ion of the relationship 
between the biolog i cal propert ies of immunoglobulins 
and their organ isat ion at the several levels of pro-
te in structure. 11 
(Dor r ington and Tanford. 1970.) 
The fi rst report relat ing the physico-chemical properties and 
the biological act i vity of immunoglobulins appeared more than thirty 
years ago when Tiselius and Kabat (1939) reported that antibody act-
ivity was assoc iated wi th prote ins having a y-glo~ulin elect rophoret-
ic mob i lity . The f i rst s i gn i f icant invest igation of the immuno-
globulins at a submo l ecula r l eve l was undertaken by Porte r (1959) and 
subsequently led to the publ i cat ion of the entire amino acid sequence 
of Immunoglobul in G (Ede lman et al., 1969). The impact which this 
pioneering work had on ou r understanding of the intricate interact ion 
between antibody and ant igen , and the refore on immunology in genera l . 
was acknowledged in 1972 when Porter and Edelman were awarded the 
Nobel Prize for Med i cine . 
Although the G c lass of immunoglobulins was the first to be 
associated with ant i body activity, immunoglobulin /·1 (lgH) had been 
recognised earl ier in the sera of cattle and horses (Heidelberger 
and Pederson, 1937). Howeve r , i nit ial attempts at the structural 
elucidation of th i s very large protein molecule were delayed until 
Deutsch and Mo r ton (1 957) showed t hat t hese immunog lob uli ns we re 
dependent on di su l ph i de bri dges fo r t he i nt eg rity of the ir po ly-
mer i c st ructu re . In a se ri es of t hr ee pape rs Mill e r and Me t zge r 
( 1965a, 1965b, 1966) gave proof of the pentame ri c st ructu re of IgM p 
and a l so showed tha t i t probab ly exi sted as a circul a rl y a rranged 
molecule cons ist ing of s ubun i ts ana logous t o IgG , each sub uni t be ing 
bu il t up of two heavy (H) and two li gh t (L) cha ins, covalent ly li nk-
.d . (see Fig . 7) · 
The subsequent di scove ri es of Immunog lobu l in A ( lgA) (Graba r 
et al., 1956), Immunog lobu li n 0 (lgO) (Rowe and Fahey , 1965) and 
Immunoglobulin E (lgE) (Ish izaka e t a1., 1966b) comple t ed the . lis.t 
of ident i f i ed immunoglobu l in c l asses known t o occur natura ll y in 
human se r um . The bas i c diffe rence bet ween t hese immunog lobu lin 
classes l i es i n the am ino aci d sequence of t he ir H- cha ins , the L-
chains being one of two types (Kappa o r Lambda ) fo r a ll immunog lob-
ul ins . These di ffe rences a re ref lect ed ma inly in t he bio log i ca l 
act i vi t ies, othe r than ant igen bi nd ing, of t he di f f e rent immunog lob-
ulin classes . Some of the prope r t ies impa rted to these mo lecules 
by the natu re of the ir respect i ve H-cha ins , a re the predom inan t appea r-
ance of IgA in secret ions li ke sa liva , t ea rs and mil k (Tomas i et a L , 
1965) and of IgM, probab ly because of i ts s i ze , a lmos t exclus i ve ly 
in the i ntravascu la r poo l (Ba rth et a l. , 1964) . Nowhe re, howeve r, 
are these c lass di ffe rences bette r ref lected than in the d i ffe rent ia l 
activat ion of the cyto lyt ic comp lemen t sys t em . 
The typ ical sequence of even t s in the cy to lyt i c process beg ins 
' th h h f 1 ( ++ W I t e attac ment 0 C consist i ng of a Ca bound comp lex of Clq, 
Clr and CIs) to the ce ll su r face to fo rm an ac ti ve Cl - immunoglobu li n 
2 
complex (F ig.l ) . Act ivated Cl t hen mediates the bind ings of c4 and 
C2 to the ce ll wh i ch in t urn forms a sho r t-l i ved comp lex respons i bl e 
fo r the act ivat ion of t he "amp li f ier molecule" of the sys t em , C3 
(Figs . 2-~) . Ot he r componen t s i ~ the chain of react ions a re CS, C6, 
C7, c8 and C9 and these a re sequent ia ll y act i va t ed by t he component 
or complex of components preced ing i t . C9 i s ul t imate ly respons ible 
fo r rap idly lys ing the fo re ign cell . ' The t ri gge r in t hi s ·sequence, 
therefo re, i s the bind ing of Clq to immunog lobul ins, and t hi s i s dete r-
mined by the am ino ac i d sequence of the H-chains . Thus IgA is unab le 
to b ind complement whe reas IgM and the IgGl, IgG2 and IgG3 subc lasses 
can do so efficiently (Mul l e r-Ebe rhard, 1969) . 
Although i t i s known t ha t am ino ac i d sequence t o a grea t extent 
dete.rm ines the confo rmat ion ofp rote iriS (Lumry and Ey ri ng, 1954; C ri~k, 
1958; Anf insen, 1962) and hence must play an essent ia l ro le in the 
three dimensional st ruc t ure of these molecules, i t i s today accep t ed 
that all the immunog lobul in c lasses have a s imi la r g ross confo rmat ion, 
namely the V-shaped mo lecul a r mode l , with 'Icompact doma insll as pro-
posed fo r IgG by Edelman and Gal l (1969) and verified vi sua ll y by 
electron mic roscopy (Va len ti ne ~nd Green, 1967) . 
-
Perhaps the most s i gn i f i cant contr ibut ion to ou r unde rstand ing 
of the re lat ion be t ween immunoglobu li n st ructu re and funct ion has come 
from the am ino ac id sequence analysis of the L- and H-cha ins . One of 
the more impo r tant facts t ha t has emerged from these invest iga ti ons, 
was that both L- and H-cha i~ s _ cou l d b~ div i ded into am i~o-te rm in a l 
va ri able (V) and ca rboxy-te rmina l i nva r iable or constant (C) reg ions 
(H i lschmann and Cra ig, 1965 ; Lennox and Cohn, 1967) (F i g. 5) . Because 
of the sequence hete rogene i ty of the V- region, it log ical ly fo ll ows , that 
3 
19 S Antibod y 
C Iq 
C 10 
C I r C Is 
Fig. 1: Schematic illustration of the fi rst component 
of complement (el) reacting with a 19 S antibody mole-
cule attached to the cell surface. (Taken from Muller-







Fig 2: Postulated mechanism of binding of C4 to the 
surface of a cell under cytolytic attack. (Taken 
from Muller-Eberhard et al ., 1966). 
5 
Native C 2 




Activated C 2 Active Inactive C 2 
C 4i,2a-complex 
(Half·life at 32°: 12min) 
Fig. 3: Illustration of the formation of the short-
lived C4C2 complex responsible for activation of C3. 
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Fig. 4: Mechanism of binding of C3 to the cell sur-



















COMPLEMENT BINDING REGION 
f--- CARBOHYDRATE 
1 _____ _ 
VL AND VH VARIABLE REGIONS 
CL AND CH CONSTANT REGIONS 
Fig. 5: Diagram of the topology and functional architecture 
of the IgG molecule. (Taken from Capra and Kehoe, 1972). 
8 
it is in fact only the C-reg ion wh ich is responsible for the divi s i on 
of L- and H-chains into di fferent classes and subclasses. Although 
the V-regions in the L- and H-chains are of about the same length, 
(110-120 residues) the C-reg ion of the y-chain is about th ree times 
(Edelman et al., 1969) and that of the ~-chain almost four times 
(Putnam .et al . , 1972) as long as the V-region of the L-cha ins . Fu r th,e r -
more, within each C- region of L- and H-chains there exist .areas of 
homology of the amino acid sequence (Hi 11 et al., 1967) and it has been 
proposed that these o ri ginated by duplication of a gene coding for a 
polypeptide of about 110 res i dues (Hi 11 et al., 1966; Singe r and Doo-
little, 1966). These homo logy regions are thought to coincide with 
the compact domains (Fig . 5) and i t has been postulated {Edelman et al . , 
1969} that each of these perfo rm at least one biological function such 
as complete fixat ion by CH2 (Kehoe et al., 1969) or placental transfer . 
The occurrence of hype rva ri able areas (Fig. 5) within the V- regions 
of L- (Milste in, 1967; Kabat , 1970) and H-chains (Kohler et aI., 1970; 
Capra, 1971) have been postulated and Wu and Kabat (1970) have suggested 
that these hypervar i ab le a reas make direct contact with antigen dur ing 
the antibody-ant igen react ion; that is, they form the antigen-binding 
site. This seems reasonab le, see ing that the areas of lesse r va ri a-
bi lity could be respons i ble for t he overall correct tertiary confo rm-
ation and the hyperva ri ab l e reg ions for the more refined structu res 
necessary for specif i c b i nd ing to the multitude of chemically dist inct 
antigens that may el i ci t an antibody response. Although these hyper-
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variable areas are shown as be ing quite far apart in the schematic 
representation in Fig. 5, they are probably forced into close spatial 
juxtaposition by the presence of non-covalent interactions, and intra-
chain disulphide bridges. The same model applies to both H- and L-chains 
and it has been shown by affinity labelling exper'iments (Thorpe and 
Singe r, 1969; Goetzl and 11etzger, 1970; Franek, 1971) that bo th H-
and L-cha ins do in fact pa r take in antigen binding . Direct evi den ce 
il lust rating that on ly the V-regions of the H- and L-Chains a re i nvol-
ved in antigen binding, has recently been obtained by Inbar et al . 
(1972), when it was shown that the amino-terminal ha lf of the Fab-
f ragment of a mouse IgA myeloma prote in, would bind ant igen equa lly 
as well as the intact precursor molecule. 
As in the case of other proteins, the amino ac id sequences of 
immunoglobulins are genetically determined and, pr io r to di scuss ing 
the genetic implications, it might be useful to d iscuss the origin of 
the immunoglohu1ins. Studies conducted at a cellular leve l are of t en 
diff icult to interpret due to the lack of paramete rs tha t a re accu r -
ately measu rab le and there is also a fair amount of confus ion in 
terminology . Howeve r , it i s general ly accepted that complex inter-
act ions between various cell types like macrophages, bone ma rrow (B) 
and thymus (T) der ived lymphocytes and fore i gn mate ri al (e . g. po ll en 
or t ransp1anted , tissue) are necessa ry for subsequent synthes is of an ti -
body mo lecules complementary to such antigens . The sequence of events 
during the cellular immunologic response may be briefly out li ned as 
follows: the T-1ymphocyte is pr imed to recogn ise the ant igen and this 
pri med cell, poss i bly with the ass i stance of macrophages, t ransm its a 
message to the B- l ymphocyt~ stimulating it to prolife rate and form a 
clone of cells producing the appropriate antibody molecules (F ig . 6). 
In o rde r to answe r the quest ion of how the lymphocyte recogni ses 
a specific ant igen, it has been postulated that recogn i t ion s i tes ex ist 
on its memb rane, each of which is structurally complementa ry to on ly 









Fig. 6: Antibody formation, a model of cell differentiation. 
The information of antibody specificity is stored in hundreds 
of thousands of serially repeated genes for the variable part. 
This multipotency of the germ-cell is lost during differentiat-
ion by fusion of one of these variables (V-) genes with the 
single constant (C-) gene. This differentiated cell is uni-
potent: by a normal transcription and translation mechanism 
it forms antibodies of one specificity. The antigen selects 
those cells which produce antibodies with the best fitting 
specificity. These cells proliferate and form an antibody 
producing cell clone. (Taken from Hilschmann et al., (1970).) 
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recognition sites are cons ide red to be natural cell-bound antibody 
° molecules or act ive (i.e . Fab) fragments thereof . The binding of 
antigen to the lymphocyte through its reaction with this surface 
receptor, probably in i tiates the cellular events leading to antibody 
product ion . There i s ample evidence in the literature indicating 
the immunoglobul in natu re of these receptors (Sell and Gell, 1965; 
von Furth, 1969; Oppenhe im et a l. , 1969) . 
The poss ibility that all V- regions o ri ginated from di fferent mem-
°brane receptor molecules (Dreyer et al . , 1967) and that the V-genes 
responsible for these proteins later developed a mechanism for join-
12 
ing on to C-genes, i s att ractive and would explain how the humoral 
ant ibod ies with the ir mult i ple specificit Ies, but relatively few classes, 
evo lved. Since IgM is the first immunoglobu li n to appear in ontogeny 
(Good and Pape rmaste r, 1964; Ste rzl and Silve rste in, 1967; Uhr and 
Finkelste in, 1967) anti has a spec ia l evo lut iona ry position (G rey, 1969) 
it is pe rhaps not su rpri s i ng that it has also been found to be, in some 
cases, the immunog lobu li n class of the lymphocyte receptors (Warner et al . , 
1970; Dwye r et a l . , 1972 ) . 
The genet ic control of an ti body synthes is is unique in that there 
is no other class of mamma l ian prote in where a single peptide chain is 
IiInder genet ic cont ro l of two sepa rate genes (Dreyer and Bennett" 1965). 
Evidence in favou r of th is hypothesis has been found by Hilschmann 
et al. (1969), Kohle r et a l. (1970), Putnam et a 1. (1972) and Pi nk 
et al . (1972) fr om a comparison of the amino-te rminal amino acid seq-
uence of A, ~- and a-cha ins. These workers demonstrated that the 
V- regions assoc iated wi th diffe rent H-chain classes could be subd ivided 
into subg roups (V H1 , VHI I ' VH1 1 I) on the basis of their amino ac i9 
sequences . The same s i tuat ion appl l ~s to L-chain~ . The infe rence of 
th i s f inding i s that the comb in ing s i te, wh ich is lim i ted to the V-
reg ion of the H-cha in, may occu r in H- cha ins of di ffe rent classes and 
also that a s ingle V- reg ion may be transfe rred f rom one C-region to 
another. The find ing tha t the i ni t i a l ant ibody response to a we ll -
def ined ant igen i s at f irst exp ressed as IgM and that th i s may 1ate r be 
"sw i tched ove r" to ant ibod i es of the IgG class (Nossal et a I. , 1965; 
197 1) lends powe rful suppo t to such a hypothesis. The recent f ind i ng 
of Wang et a l. (1970), that the am ino-term inal am ino acid sequence of 
the y- and ~-cha i ns, i so lated f rom the immunoglobulins of a pat ient 
suffering f rom a bi clonal myeloma, we re exactly the same, i s a l so ev i d-
ence in favour of the one-pept i de two-gene theo ry . 
In order to accommodate such a model, it has to be assumed that 
the genet i c cont ro l fo r the immunog lobu li ns is sepa rate fo r the V- and 
C- reg ions of these molecules : one gene fo r the C-reg ion and many fo r 
the V-reg ions (Hood et a l . , 1967) . Depend i ng then on the spec i f i c i ty 
of the recepto r immunog lobulin on the lymphocyte invo l ved in an immune 
response, one on ly of the many V- reg ions wi ll be derep ressed and wi l l 
be able to comb ine wit h t he gene cod i ng fo r the C- reg ion of a s i ng le 
immunoglobu li n c lass (i. e . Cy , C~, Cal . 
of th is mode l i s g iven in Fig . 6. 
A schemat ic rep resen t at ion 
These hypo t heses exp la in how an t ibod ies of di ffe rent spec i f i c i ties 
can be e li c i ted by a cha ll enge from any pa r t i cula r ant igen . Howeve r , 
i f a lymphocyte unde rgoes a neop last i c t ransfo rmat ion and r~tain~ i ts 
ant ibody-p roduc ing capac ity, i t may a l so fo rm a c lone and produce ant i -
bodies wi th no, or acc identa l spec ifi c i ty, in exceed ingly la rge amounts . 
Or iginat ing f rom a s i ng le c lone as they do, these immunoglobu li ns wi l l 
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all be chem ically and st r uctu ra ll y the same (monoclonal) and are t here-
fo re i dea l fo r chem i cal and b iophys i cal i nvest igation . These abno rma l 
immunoglobul ins a re ca l led mye loma prot e i ns o r , in the case of IgM, 
Waldenstrom mac rog lobul i ns . Although expe ri ence has sh9wn that ext rap-
o lation of such f i nd ings to t he s tructu re of normal immunoglobu l i n M is 
gene ra ll y val id (Me t zge r , 1970), unequ i vocal proof of th i s i dent i ty can 
be obta ined f rom a d i rect compa r i son of va ri ous pa ramete rs of no rma l and 
monoclona l IgM . Since t he f i rst obse rvat ion that a Human monoc lonal 
immunoglobu li n had rheumato i d act iv i ty (Kr itzman et al . , 196 1) a g row-
ing numbe r of myeloma prote ins of human and an imal orig in have been found 
to react wi th a va ri ety of an t i geni c dete rmi nants; that these abno rmal 
prote ins can act biolog ical l y as ant ibod ies i s therefo re establ i shed . 
Yet Krause (1970) states "Desp i te such success, i n al l of th i s the re 
i s a nagg ing rese rva t ion . Is a mye loma prote in, the product of mal ig-
nan t cel l s, a genu ine rep resent ative of an ant i body?" One of the ma i n 
pu rposes of th i s t hes is was t he re fo re t o conduct a compa rat i ve phys ico-
chem i cal invest iga ti on on no rma l IgM and a Waldenst rom IgM and the ir 
va ri ous sub fragmen t s and componen t po lypept i de cha ins . 
At presen t the wo rl d pr i ce of fresh pl asma i s app rox imate ly 
U. S. $26 pe r l i tre . Pl asma i s t he refo re a relat ive ly expensive sta r t-
i ng mate r i a l f rom wh i ch t o i so l a te no rma l IgM fo r resea rch pu rposes, 
espec i ally if the low concent ra t ion of th i s immunoglobul i n of 39- 117 
mg/IOO ml se r um (Schu l tze and He remans, (1966) i s taken i nto account . 
Donated b lood i s usua ll y s t o red a t 4- IOoC fo r a max imum per iod of 21 
days and i s then rega rded as unsu i t ab l e fo r t ransfusion pu rposes . 
Plasma recove red fr om su ch ou t dated blood can be used di rect ly fo r the 
isolat ion of IgM, bu t s i nce it a l so con t a ins l arge quant i t ies of othe r 
therapeut ica l ly usefu l produc t s (e . g . IgG, album in) wi th g reate r econ-
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omic significance than IgM, the plasma is usually fractionated with the 
main objective be i ng to recover these latter products. The fraction-
ation procedure employed at the Natal Institute of Immunology is a modi-
fication by Kistle r and Nitschmann, (1962) of Cohn's method 10 and yields 
five different protein product f ractions. Of these, only fract i on I 
(fibrinogen), fract ion II (lgG) and fraction V (albLlmin) are utilised 
and fract ions III and IV are disca rded . However, fraction III is known 
to contain the bulk of the mac roglobulins (Kistler and Nitschmann, (1962)) 
and it was therefo re decided to attempt the purification of IgM from this 
"waste product". 
Because the main pu rpose of th i s investigation was to compare the 
biophys i cal cha racte ri st i cs of no rmal IgM and its subfragments and pep-
t i de cha ins wi th publ i shed data (summarised in Fig. 7) that originates 
f rom abno rmal, monoclona l IgM, the ready avai lability of macroglobulin-
aemic plasma was fortuitous. t1onoc lonal IgM could be isolated in rela-
t ively la rge amounts and direct compa rative studies were therefore poss-
ible . An added advantage was that monoclonal IgM, rather than the 
sca rce r normal IgM, could be used in preliminary tests aimed at overcoming 
technical problems of chromatog raphy, tryptic digestion, ultracentrifuga-
t ion and some others encoun t e red at var ious times. 
The hi gh molecular we ight of IgM relative to the other plasma -pro-
teins suggests i ts easy isola ti on, and molecular exclusion chromatography 
was used as the f i rst step in the purification of both normal and mono-
clonal IgM . Whereas the monoc lonal IgM could be isolated in pure fo rm 
by prec ip i tat ion and column chromatography, normal IgM was more difficult 
to obtain in immunogen ical ly pu re form and various immunoadsorbents had 
to be developed fo r th is pu rpose . These procedures are described in 
, , , 
P4P41'1 
L 
~1..9...:...l: Proposed [Ilodel for IgM based on the molecula r weigh t 
data for the papain, peptic , t ryptic and chymotryptic fragmen t s 
and subunits. (Taken from Dorrington and Mihaesco, 1970) . 
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Chapte r 2 . 
The high temperature trypt ic fragmentation of normal and monoclonal 
IgM and the column chromatography pu rification of their respective Fab~ 
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and FC5~ fragments are described in Chapter 3 and the effect of NaCl con-
centration and digestion time on the yields of these fragments is outlined . 
Reduction and alkylat ion studies on normal and monoclonal IgM and the puri-
fication of their respective 7-$ subunits, ~-chains ,and monomeric Fc~ 
fragments are described in Chapter 4. 
Proteolytic fragments and the constituent polypeptide chains of normal 
and monoclonal IgM, pur ifi ed as outlined in Chapter 3 and 4, were charact-
erized by ultracentrifugation, amino ac i d analysis and circular dichroism 
studies. These results a re presented in Chapter 5. 
These procedu res have resulted in the isolation, in immunogen i cally 
pu re form, of IgM from Cohn fraction I I I of pooled normal plasma and in 
the product ion of a monospecific anti-lgM ant iserum . It was shown by 
means of various methods of phys ico-chemical analys is that normal IgM 
and a monoclonal IgM and their tryptic fragments and ll-chainsare com-
parable in most instances. As far as the author is aware this is the 
first di rect compa rison of this kind between normal and monoc lonal type 
IgM molecules and it is rewa rdi ng to find that these are simila r and 
that st ru ctu ral and conformational details determined for Waldenst rom 
macroglobulins may be extrapolated to normal IgM wi th some assurance . 
Chap t e r 2 
ISOLAT ION OF NORMAL HUMAN IgM FROM COHN FRACT ION II I AND 
OF A MONOC LONAL IgM FROM MACROGLOBUL INAEM IC PLASMA 
2. 1 I NTRODUCT ION 
As ind icated i n the int roductory chapte r , the i solat ion of no rmal 
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Igl1 would be of importance fo r comparat i ve structu ra l and conforma ti onal 
analyses and have poss ible cl in i cal applicat ion. Wi th this in mind 
prel im inary stud ies on the i so l ation of no rmal IgM from Cohn fract ion 
I I I of poo led plasma was attempted and formed the bas i s of an ea r lier 
report (van der Hoven, 1971). These f i nd ings were consol idated and 
expanded upon i n the present investigation and resulted in a repro-
duc i ble and successful isolat ion procedure fo r IgM from Cohn fraction 
III (van der Hoven et al., 1972). It i nvolves ext ract ion, delipid-
ation, column ch romatography and final pu r ificat ion by means of i mmuno~ 
adsorpt ion , Isolat ion prob lems, resulting from the presence of 
prote in complexes, a re outl i ned. The poss ible natu re and ori gin of 
these comp lexes a re a l so discussed. 
Monoc lona l IgM, i n contrast to no rmal IgM, i s ob t a inab le i n la rge 
amounts f rom t he plasma of pa ti ents suf f e ri ng f rom Wa ldenst ram's 
mac roglobu li naem ia, and be in g homogeneous, i s wel l -su ited for deta il ed 
chem ical and b iophys i cal analys i s. The homogene ity and re lat ively 
high concentrat ion of these prote ins also fac ili tate their iso lat ion, 
since the plasma IgM level of mac roglobulinaem ic pat ients may ri se as 
high as 19/IOOml (Lawson, 1968). Chemotherapy with hydrocort i sone, 
chlo rambuc il , cyclophospham ide o r phenyla lan ine musta rd can be emp loyed 
(Solomon and Fahey, 1963), but anothe r method to rel ieve these patients 
of var ious compl icat ions connected with a hyperv i scos i ty syndrome, i s 
that of plasmapheresis. Plasmapheres i s entai Is the removal of the 
donor's plasma whilst the erythrocytes are re infused . In a study on 
the long-term effects of repeated plasmapheresis, Simson et al. (1966), 
sh,ewed that the weekly donation of one l itre of plasma had no noticeable 
effect on the plasma protein levels of healthy human donors. Pat i ents 
wi th Waldenst ram's macroglobul inaemia or mUlt i ple myeloma may have an 
impaired normal antibody response (Fahey et al., 1965), and in order 
not to ag~ravate th i s condition, no more than one litre of plasma per 
week should be removed in long-term therapy. 
In the present investigation, monoclonal IgH was purified from the 
plasma of a 56~year old man suffering from Waldenstrom's mac roglobulin-
aemia. At the time of writing this pat ient had undergone a double 
plasmapheresis (yielding I L plasma) once a week for the past year and 
complaints of easy fatigue, dizziness, blur red vision and bleeding 
of mucous membranes have disappeared . The IgM isolated from the 
plasma of this pat i ent will be referred to as IgM(Sad} . 
The i solation procedure of IgM (Sad) was similar to that of normal 
IgM, except that the immunoadsorption step was found unnecessa ry . 
Both no rmal IgM from Cohn f ract ion I I I and monoclonal IgM(Sad) we re 
obtained in immunogenically pu re form by the procedures outlined 
in th i 5 chap te r • 
2.2 MATERIALS 
Deep-frozen (-30oC) Cohn fraction I I I of pooled normal plasma 
was obta ined from the Fract ionat ion Unit of the Nata l Institute of 
Immunology. 
Plasma containing monoclonal IgM i n concentrations va ryi ng between 
35% and 40% . (2.5-2,8g/100ml) of that of the total plasma prote in 
(determined by means of cellu lose acetate membrane e lec tropho res i s, 
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fus ion Serv ice. Th i s plasma was stored deep-frozen (-30
o
C). 
Commercial ant isera monospec if i c for Faby , Fcy, IgM, IgA, and 
IgG (Hylands Laboratories, Cal i fornia, U. S.A. ), a2-l i poprote in, 
a
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-macroglobulin and complement-C3/C4 (Dutch Red Cross Laborato ri es, 
Amsterdam) were pu rchased . 
Difco Spec ial Agar Noble (D if co Labo rator ies, Michigan, U . S . ~ . ) 
was used for the prepa rat ion of aga r beads. 
Emulpho r EL was obtained f rom Bad ische An i l i n & Soda Fabrik, 
Germany, and Oxoid I . D. Agar tablets for immunoelect ropho res i s from 
Oxoid Ltd., London . 
Sephadex G-IOO and G-200 we re products of Pharmacia, Uppsala, 
Sweden, and DEAE (D32) and CM-cellulose (CM32) of Whatman Co . , 
Maidstone, England . 
Po lyethylene glyco l of mo l ecula r weight 4,000 and aga rose we re 
pu rchased from Seravac Labo rator ies, Cape Town. 
Al l reagents were of ana lyt ica l grade except fo r to luene, carbon 
tetrachlo ri de and ethanol wh i ch were of reagent grade . 
Sod i um az ide (0.02%) and sodium me rt hio la t e (0.01%) were added 
as prese rvat ives to all buffers used in molecular exclus ion ch romato-
graphy . 
2. 3 METHODS 
2. 3,1 Absorbance measurements and est imat ion of spec ifi c extinct ion 
coeffic ients 
The A280 of prote in solut ions was rout inely measu red in a 
Beckman DB-G spect rophotometer in 1 em path length qua rtz cuvettes. 
1% The specif ic ~xtinction coeffic ients, E280 nm of so l ut ions of 
IgM(Sad) and normal as follows: Ten ml . of an 
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IgM(Sad) so l ut ion was d ia 1ysed aga ins t t hree 2-L vo l umes of 0 . 1 M 
sod i um acetate buffer, pH S. 6, fo r 48 h and t he abso rbance was 
dete rmined at 280 nm afte r f i lt rat ion th rough a mi1li pore AA (0 . 8~) 
memb rane filte r (Mi 11 i po re Cor p., Massachuse tts, U. S.A, ). On ly the 
second ha l f of the fi lt rate was used fo r abso rbance dete rminat ions 
in order to avo i d UV - absorb i ng ma t e ri a l poss ib ly re leased f rom the 
fi 1te r , inf l uenc i ng the read ings . The exact we ight of prote in i n 
so l ut ion was determ ined as fo ll ows: Five I-m l a li quo t s of bot h 
prote in solut ion and d ialys i s buffe r we re 1yoph ilysed to constant 
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we ight over P20S 
i n prewe ighed we igh ing bo t t l es . The mean di fference 
in dry we ight between prote i n so l ut ion and buffe r represents the dry 
we ight of 
calcu l ate 
prote in contained i n 1 m1 of solut ion and was ~sed to 
1% 
the E280nm value of IgM(Sad) . Th i s was found to be 13 .1 
and is in good ag reement wi th va l ues repo r ted for othe r Wa1denst rom , 
IgM preparat ions (Metzger, 1970). 
Exact ly the same procedu re was f o ll owed fo r no rma l IgM except 
that a 0 .07S M Tri s buffe r , pH 8 .0 was used i n th i s case, and its 
1% 
E280nm was calculated to be 13 .4 . 
Iso l at ion Procedu res 
2 . 302 . I Ext ract ion of normal 19M f rom Cohn f ract ion I I I 
The method of ext r act ion was the same as tha t repo rted 
by van der Hoven et a1. (1972) . Frozen Cohn fract ion II I was 
ground up i n an electr ic mince r and SOOg of t hi s mate ri a l was 
extracted fo r Sh at 4°c wi th 2L of O. lM-sod ium aceta t e buffe r , 
pH 4.1, wi th cont inuous s tirr ing. The resu l tant yel low 
suspens ion was clar i f ied by cent ri fugat ion at 3S,SOOxg (Sp inco 
model L3-S0 prepa rat ive u l t racent ri fuge, Roto r l S) fo r l h at 4°C . 
Th is y ielded a la rge ye ll ow pe ll et and a sl ight ly tu rb id, 
green i sh supernatant topped by a layer of lipid mate ri al , 
The relative proportions of these three phases varied from 
batch to batch of Cohn fract ion I I I. The supernatant was 
collected by careful decantat ion and any lipid pa rti c l es we re 
siphoned off with a 12-gauge syringe needle connected to an 
asp irator pump , 
2 , 3,2 , 2 Euglobulin precipitation of normal IgM 
The clarified extract obta i ned from 500g of Cohn fraction 
I I I (1.5 to 1.8L) was dialysed for 24h at 4°C against 20 L of 
, 
0.05 M-sodium phosphate buffer, pH 6 , 5, followed by anothe r 
24h per iod of dialysis aga i nst 20 L of 0 ,00 1 M-sod i um phosphate 
buffer, pH 6.5 . The fi rst buffe r of highe r ion i c strength 
ensured qu i ck equil ibrat ion at the desired pH . The euglobul i n 
precip i tate was recovered by cent rifugat ion at 200 C (MSE model 
6L preparat i ve centr ifuge, 2,000xg, 15 min) and was d issolved 
i n 1, 5 L of 0.05 M-sod i um phosphate-O .l M-NaCl buffe r , pH 7 .0, 
and sUbjected to another cycle of eug lobul in prec i pi tat ion . 
The method used was essent i a lly that of Vaerman et a l. (1 963 ). 
2 , 3. 2 , 3 Polyethylene glyco l prec i pitation of no rmal IgM 
Polyethylene g lyco l (molecula r weight = 4,000) was 
dissolved at room temperatu re in the cla ri f i ed Cohn fract ion 
I I I ext ract i n a ratio of 1 :10 (w/v) and the f i ne prec i pi tate 
obtained was aggregated by add i tion of sol id NaCl to a final 
concentration of 0.1 M. The prec ipitate was removed by 
centrifugat ion (2,000xg, 15 min), red issolved i n 750m l of 
0 . 05 M-sod i um phosphate-0 . 1 M-NaCl buffe r, pH 7 ,0, and was 
aga in precip itated by add i t ion of PEG (8%, w/v) . The last 
step was repeated once mo re . The opt imum PEG concent rati on 
to be used for prec i pi tat ion had been determ i ned prev iously 
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by test ing (Ouchterlony doub le d i f f usi on ) the supe rnatants 
obta.i ned after prec i pi tat ion of macromolecules at va ri ous 
PEG concent rat ions for the absence of IgM . 
2. 3.2.4 Polyethylene glycol precip i ta ti on of IgM(Sad} 
The IgM of mac roglobul inaemic plasma obta ined from a 
single plasmapheres i s (400 to 500ml) was prec ipi tated at 
room tempe ratu re by slow add i tion of PEG 4,000 to a f i nal 
concentrat ion of 7% (w/v ) . Th i s rep resents a mino r mod i -
ficat ion of the method of Po l son (1964) in that PEG of a 
higher molecula r we ight (6,000) was used by h im. The pre-
cip i tate, conta i ni ng almost pure IgM, was removed by centri-
fugation (2,000xg) . Because of the ready ava i lab i lity of 
this plasma and i ts high concentrat ion of IgM, quantitative 
recovery was not attempted; the a im was rather to obta in 
mater ial of as high a pu ri ty as poss ible wi th the i n i t ia l 
prec i pi tat ion step . 
2 . 3 . 2 ~ 5 Del i pidat ion 
Suff i c ien t mac roglobu l in prec i pi ta t e was di sso lved i n 
0 .05 M-Tris-0 . 5 M-NaCl bu f fe r , pH 8 .0 t o g ive a so lut ion 
conta in ing app roximate ly 5g prote in/ 100m l. The solut ion 
was brought to a dens i ty of 1.2g / ml by add iti pn of so li d 
NaBr to a concentration of 23% (w/v ) . Liprop roteins we re 
, 
removed by ult racentrifuga l f ot a ti on a t 105,000xg fo r 
15h at 20
0
C (Sp ineo roto r 30} ~ App rox imate ly th ree qua rte rs 
of the inf ranatant was co l lected by bot t Qm puncture df the 
centr i fuge tubes. Cohn f racti on I I I ext ract de li pi dated 
in th i s manner always y ie lded a tight ly pa cked "sk in" of 
l i poproteins at the su r face of the cent ri fuged solut ion, 
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whereas a small pel let of green i sh mate ri a l was somet imes 
observed. The solution in the bottom quarter of the cent ri -
fuge tubes was usually very v i scous . The l i poprote in 
layer observed when monoclona l IgM was del i pidated was 
general ly quite small . 
2 . 3.2 . 6 Molecular exclusion chromatog raphy 
Aga r and aga rose beads (3 . 5%, w/v) were prepared accord-
ing to the method of Hjerten (1964). By us ing a 20-L glass 
aspirato r bottle, the preparat ion of 6 to 7 L of beads at 
a time was feasible . Pr inc ipally th i s method i nvolved the 
vigorous mixing of an aqueous aga r solut ion wi th a mixture 
of organ ic solvents ( in th i s case carbon tetrachlo r ide and 
toluene) in the presence of an emuls ifying agent (Emulphor 
EL) at about 500 C. Once aga r drop lets of suff i c iently 
small s ize we re fo rmed, the tempe rature of the mixt ure was 
lowe red as rap i dly as poss ible un til gel l ing occu rred at 
about 32
0
C . . The s i ze of t he beads can be cont ro ll ed by 
the rela ti ve propo r t ions of o rgan ic so lvents and emu ls i f ier 
as well as by t he speed of s t irri ng . Beads we re collected 
by cent ri fugat ion, washed wi th 95% ethano l and then in wate r. 
The beads were f i nal ly equ i l ibrat ed wi th the elut ing buffer, 
0.05 M-Tr i s-0 . 5 M-NaCl, pH 8 .0 . 
A 10 x 100 cm glass co l umn {Pha rmac ia, Uppsala, Sweden} 
wi th a capac i ty of app rox imate ly 7 L, was packed wi th the 
a i d of an extension tube wi th 3.5% agar beads equ i lib rated 
with 0.05 M-T ri s-0 . 5 M-NaC I buffer, pH 8 .0 . 
Del i pidated mac roglobul i n solut ion obta i ned f rom Cohn 
fract ion I I I and conta in ing approx imate ly 8 t o 109 prote in 
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in a volume of 200-250ml buffe r (Ei~onm= 13 . 4 used fo r ,this 
calculation) was appl ied to the column without prior removal 
of NaBr · an~ was elut~d by downward flow wi th the equi li brat-
ing buffer (room temperature; flow rate 200ml/h). Fractions 
of 25ml were collected and the absorption at 280nm was deter-
mined for every f i fth fract ion on a Beckman DB-q spect rophoto-
meter. 
The wh i te gel-l i ke precip i tate of IgM{Sad) obtained by 
PEG precip i tat ion was weighed and dissolved in suffic ient 
eluting buffer to g ive an approximately 5% (w/v) protein 
solution. This precipitate contained approximately 20% pro-
1% 
tein by dry we ight as calculated from a value of E280nm=13.1 
which was determined for IgM(Sad) . Two hund red and fifty 
mill i l i tre po r t ions of th i s solut ion (12 . 5g prote i n) were 
rout inely ch romatog raphed. 
2. 3.2 . 7 ~oncent rat i on of prote in solutions 
< 
Prote in solutions we re concentrated by perevaporat ion in 
dialysis bags at room tempe rature, fo ll owed by fu r ther concen-
trat ion, i f necessa ry, on PM-30, memb ranes i n an Amicon Diaflo 
ultrafi ltration apparatus (Amicon Corp . , Massachusetts, U. S.A. ) . 
2 . 3. 2. 8 Immunoadso rpt ion 
Crude, immunoglobul in-r ich fract ions (1 .9 M-(NH4)2S04 
precipitates) of goat or rabb i t ant isera, human IgG prepared 
by DEAE-cellulose chromatography (Pete rson and Sober, 1962) 
or purified norma l IgM we re coupled to 3.5% agarose beads 
accord i ng to the cyanogen brom ide method of Cuat recasas (1970) . 
This method of in solub i l i s i ng biologically act ive prote ins 
was found to be super ior to seve ra l other methods tested by 
Boegman and Crumpton (1970) and coupl ing eff i c ienc ies in 
26 
excess of 95% we re rou ti nely ach ieved in t he present invest i -
gat ion. 
Aga rose beads we re t reated wi th BrCN i n o rder to activate 
them fo r the subsequent coup li ng with immunoglobul in. Act i-
vat ion depends upon the formation of unstable reactive imino· 
carbonic ac i d este rs from two v ic ina l hyd roxyl groups of the 
carbohydrate mo iety .of agarose and Br CN (Axen et al., 1967) . 
The react ion was ca rri ed out at pH 11 and was usually complete 
after 10 to 12 minutes . Because of the lab i l i ty of the imino-
carbon i c ac id este rs, excess BrCN was qu i ckly washed from the 
activated agarose beads wi th cold (4°c) 0 . 1 M-NaHC0
3 
buffer, 
pH 9.0, and the protein to be insolubil i sed was then immed iate-
ly added e i ther i n powde r form o r as a concentrated solut ion . 
After st i r ri ng t he reacti on mixture fo r 20h at 4°c, uncoupled 
prote in was removed by wash ing wi th co ld (4°c) IN-p rop ion ic 
ac id unt il the abso rbance (280nm) was less than 0 .02 . The 
immunoadso rben t was then equ ili brated wi th 0.5M-T ri s-0 . 5M-NaCl 
buffe r , pH 8 .0, unt il no mo re pro t e in was eluted . 
Afte r use, immunoadso rbents we re regenerated by wash ing 
with prop ion ic ac id and buffe r , as descr i bed above . Deso rbed 
prote ins of inte res t we re recovered by t i t rat i ng the f i rst 
two prop ion ic ac id washes to pH 7 .0 wi th IN-NaOH and f reeze-
drying afte r d i a lys i s aga inst di st i lled water. Immunoadso rp-
tion was ca rr ied ou t in a batchw i se procedu re at room tempe r -
ature and was repeated unt i l the spec i f i c ant i body or ant igen 
to be removed was completely adsorbed. Th i s was tested fo r 
after each immunoadsorp ti on, by doub le di f f us ion analys i s 
against the appropr iate ant igen solut ion o r ant i serum. These 
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immunoadso rbents we re re-equ i l i brated and could be used 
repeatedly (at least 10 t imes) since they we re found to 
retain the ir ac ti vity for periods of up to a yea r. ' 
The ohl y ant ibody neut ral i zat ion s t ep in wh i ch insolub-
il i sed ant i gen was not used, was the f irst one outl ined in 
Fig. 11. Th is was done as follows: Increas ing we ights of 
lyophilysed L-cha i n was added to ml aliquots of ant i serum 
and after incubat ion at 37°C for O.Sh was allowed to stand 
at 4°c overn ight . The supernatant ,obta ined after centri-
fugat ion of the an ti body-ant igen prec ipi tates was · assayed 
for res idua l ant i -L-cha in act ivi ty by doub le d i ffus ion in 
agar aga ins t a 1% (w/v) solut ion of L-cha in . Lack of a 
prec i pi t i n li ne i nd icated that no ant i -L-cha in specif i c 
ant ibod ies rema ined i n the supernatant an ti se r um and a 10% 
excess of L-cha in powder was then cons ide red suff i c ient fo r 
complete neu tra li za ti on of these ant i bod ies . The prec ipi t in 
l ines found i n these expe ri ments were di f f use and gene ral ly 
of poo r qua li ty . A rati o of 3mg L-cha i n powde r : 1 ml ant i -
mil k ant i se rum was a rri ved at in th i s manne r . 
2. 3. 3 Prepa rat ion of sub-f ragments of IgG 
Light-cha in and the Fc and Fab-f ragmen t s of poo led no rma l IgG 
(Cohn fract ion II , Nata l Inst i tute of Immunology) we re prepared 
according to the methods of Fle ischman et a l. (1963) and Porter 
(1959) • In o rde r t o ob t a in L-cha in of high pur i ty, f ree from 
H·cha in, this f ract ion was subjected to a second cycle of ch roma-
tography (Sephadex G- IOO superf ine) and only t he trai l ing half 
of the L-cha in peak was used . The Fcy and Faby f ragments were also 
rechromatog raphed (DEAE and CM-cellulose ion-exchangers) unt i l 
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their purity was established in double diffusion exper iments against 
monospec ific anti-Faby and anti-Fey antisera. 
2. 3. 4 Ant i serum Product ion 
2. 3. 4. I General immun i zation procedure 
Antisera against the Fab and Fe-fragments of IgG, 
immunogen ically pure 19M and the non-19M prote ins in 
pool A (see Results) were prepared as follows: 
Rabbits were immunized by injecting O.lmg of ant i gen 
in Freund's complete adjuvant .. One quarter of the dose 
was injected intramuscularly intQ each hi nd leg and i of 
the dose at each of four site~ in the back muscles, two 
sites on e i ther s i de of the spinal column . A booste r dose 
of 10mg, injected in a similar manner, was g iven one month 
later. An ima l s producing satisfactory ant isera were 
plasmapheresed tw i ce per week. 
Goats were immunized in the same manner, except that a 
booster dose of 40-50mg was used. 
2. 3.4 .2 Production of anti-milk antisera 
o Human mi lk f rom 30 donors was pooled, treated at 67 C 
fo r 30 min and lyoph i lysed. A 1.5g sample was di ssolved 
in 12ml di st i lled water and centrifuged at 4°C fo r lh at 
3,000xg (Wifug, bench centrifuge). The su rface l i pi d layer 
was d isca rded and I ml of the infranatant flu id was in-
jected intramuscularly int9 goats at six s i tes along the 
sp inal co l umn after homogenisation with an equal volume 
of Freund ' s complete adjuvant, The inject ions were re-
peated unt i l a sat i sfactory antiserum was produced . A 
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per iod of one week was allowed between i njeC~ i ons . 
se ra were collected weekly by plasmapheresis . 
2 . 3. 5 Immunodiffusion and i~munoelectrophores i s 
Ant i -
Agar was dissolved (1%, w/v) in 0 .05 M-Veronal buffer pH 8 .6 
fo r the prepa rat ion of slides for immunoelectrophoret i c and immuno-
d i ffusion analyses. Immunoelectrophoresis (IE) was ca rri ed out 
acco rding to the method of Scheidegger (1955) for 1.5h at 3 mA/sl i de 
and 200 volts . The electrode b~ffer was the same as that used fo r 
prepa r ing the agar slides. 
Double di ffusion in agar was done according to Ouchterlony 
(1960) . Protein solutions for immunological analys i s were gener-
ally made up as 1% (w/v) solutions in 0.05 M-phosphate-O. 1 M-NaCl 
buffer, pH 7.0. 
Photographs of the precipitin lines on the slides were made 
aga i nst a dark background with indirect l ight ing . A Polaro i d-
Land MP-3 camera and either Polaroid type PIN 55 or 107 f i lm were 
emp loyed for th i s pu rpose. Best results were obta ined i f the 
agar s li des we re well rinsed and then submerged in water in a 
spec ia l ly-constructed shallow glass tank dur ing photog raphy, th i s 
hav i ng the effect of eliminating edge reflect ions (compa re, fo r 
example, Plates 1 and 4) . 
2 . 4 RESULTS 
2 , 4, I Prec ipi tat ion of normal IgM 
Euglobulin precipitation of Cohn fraction I I I ext ract has the 
me ri t of be i ng a mi ld procedure, but suffers from the disadvantage 
that not all IgM species are precipitated under these condit ions 
and i s a rather time~consuming procedure. Although th is techn ique 
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was used extens ively dur ing the early stages of th i s invest igat ion 
(van de r Hoven, 1971), it was later discontinued in favour of pre-
c i pi tat ion by PEG with its greater ease of operat ion and higher 
y ields of IgM. Furthermore, solutions of PEG precip i tates were 
less turb id than those obtained from euglobulin prec ipi tates. 
Tu rb idi ty was interpreted as a sign of prote in aggregat ion and 
caused difficulties during subsequent chromatography exper iments 
and absorbance measurements. 
2 .4 .2 Column chromatography of normal IgM 
Mo lecular exclusion chromatography of either the PEG or euglob-
ul in precipitate on agar beads yielded the typical elution profi Ie 
shown in Fig, 9 which corresponds with the ea r. lier findings of van 
der Hoven (1971) using euglobulin precipitates. The f i rst turbid 
peak cons i sted of amorphous particles of aggregated prote in and 
was always cons iderably bigger for euglobul in than PEG prec i pi tates . 
The second peak (Pool A, Fig . 9) contained al I of the IgM, other 
high molecula r weigh spec ies (a2-macroglobul in, a2- 1 ipoprote in) and, 
unexpectedly, some lower molecular weight prote ins ( lgG, IgA, 
comp lement) . The th i rd peak constituted lower molecu la r we i ght 
prote ins l i ke IgA, IgG, complement, album in and othe r s whi ch we re 
not i dent i fied . 
The i dent i ty of the proteins in Pool A was establ ished as 
fol lows: 
Pool A was CUt into fraction~ of equivalent volume (F ig . 9, 
f ract ions a to f) and concentrated to approximately the same prote in 
concentrat ion , These fractions were examined by means of double 
diffus ion in agar against antisera monospecific fo r the following 
ant igens: IgM, IgA, IgG, a2-macroglobul in, a
2
-l i poprotein and 
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Fig 9: Elution profi Ie obtained after the chromatography 
of 200 ml of redissolved macroglobulin precipitate from 
Cohn fraction I I I extract (approxfmately 8g protein) on 
180 
3.5% agar beads (10 x 100 cm column). Flowrate was 250 ml/h 
and 25 ml fractions were collected. The relative concen-
tration of IgM, IgA, IgG, a
2
-macroglobul in, a -lipoprotein 
and complement (C3/C4) of fractions a-f as juaged by Ouchter-
lony analyses against monospecific antisera is shown below each 
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Pl ate 1: Ouchterlony double diffusion analysis on fractions 
collected at equivalent elution volumes (Fig. 10) for rechroma-
tographed unheated pool A (a) ,and pool -A heated at 56°C for 
1.5 - 2h. (b). Specific antisera to Igl1 (M), IgA (A), IgG (G), 
a2-macroglobulin (Ma), a2-lipoprotein (L) and complement -C}/C4 
(C) were placed in the central wells and subfractlons a-f as 
indicated in the top left hand corner. 
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pool A after concentration gave no enhanced resolution of IgM f rom 
the other contaminating prote ins as judged by Ouchterlony analyses . 
The effect of heat on the chromatograph ic elution profile of 
pool A proteins is shown in Fig. 10. The chromatog ram clearly 
shows that heating caused an increase in the amount of mate ri al 
in the turbid peak as well as in the high mo lecula r ,we ight reg ion 
immed iately following i t. Immunodiffus ion analys is of the 
equ ivalent subfract ions (Fig. 10) collected from pool A befo re 
and after heating (pool A'I) revealed that heat treatment had dec-
reased the content of a2-l i poprotein (this macroglobul in samp le 
was not <;!elipidated), IgA, and IgG in pool AI (Plate 1) . Fractions 
a - c of pool AI shown in Plate 1 appea red to contain on ly IgM, but 
rabb i t ant i sera prepared against these fractions invar iably also 
conta ined anti-y and anti-a-chain ant i bod ies. ' 
20403 Pu r ificat ion of no rmal liM by immunoadso rpt ion 
A flowsheet dep icting the development of the di ffe rent ant i sera 
and immunoadsorbents i s presented i n Fig, 11. 
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ImmunoadsDrbents made from H-cha in spec i f i c goat ant ise ra aga inst 
human mi lk ( immunoadsorbent A - Fig, 11) was used in batch-w i se fash ion 
(3 to 4 times) on pool AI and removed a l l contam inan t s, yield ing high-
ly purif ied IgM (Plate 2a) . The immunoelectrophoret i c pu ri ty of th i s 
IgM preparat ion is demonstrated in Plate 2b. Yields of 0.5g to 19 
immunogenically pure IgM/500g Cohn fract ion I I I were obta ined. 
Rabbits or goats immunised with this IgM prepara ti on gave a st rong 
ant i - immunoglobulin ant i serum (Plate 3a) which could be made mono-
specif i c for ~-chain (Plate 3b) by adsorpt ion wi th insolub i l i sed IgG 
(y+L-cha in, Immunoadsorbent B - F' 11) 19, • These resu l ts have been 
prev iously repo r ted (van der Hoven, 1971). 
1·4 
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Fig, 10: Elution profi les obtained for rechromatographed 
pool A (3.5% agar beads; 5 x 100 cm column). 
Unheated pool A: ) . 
Pool A heated at 56°C for 1.5 - 2 h: (. .......... ). 




Plate 2a: Ouchterlony double diffusion analysis of pool AI pro-
teins before (B) and after the first (1), second (2) and third 
(3) immunoadsorptions with insolubilised, H-chain specific, anti-
milk antiserum (peripheral wells), against antisera monospecific 
for IgM {m}, .lgA (a), IgG (g), Ct.
2
-macroglobul in (ma), Ct.
2
-1 ipoprotein 
(1) and comp 1 emen tee} , 
Plate 2b: Immunoelectrophoretic patterns obtained for normal 




Plate 3: Immunoelectrophoretic patterns obtained for normal serum 
(NS) and pool A (A) against anti-lgM as prepared in Methods. 
(a) Unadsorbed anti-lgM 
(b) Anti-lgM adsorbed with insolubil ised IgG (y+L-chain) 
Plate 4: Ouchterlony double diffusion analysis of: 
(a) pool A; 
(b) pool A after first immunoadsorption with insolubilised anti-lgM; 
(c) pool A after second immunoadsorption with insoluqil ised anti-I~M; 
Specific antisera to IgM (M), IgA (A), IgG (G), a2-macroglobul in (Ma), 
a2-1 ipoprotein (L) and complement (C) Were placed in the centre wells 
as indicated. 
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Fig. l~ Flowchart of the sequential development of -aOtlsera used . in 
the isolation of immunogenically pure IgM from Cohn fraction I I I of 
pooled normal human plasma. The Greek letters y, a and ].1 indicate 
the heavy chains of IgG, IgA and IgM respectively and L the light 
chains (K and A) of immunoglobulins. 
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Once monospecific anti~lgM (i .e. anti-~-chain) antiserum was 
prepared, a more refined and specific immunoadsorbent was made 
against the non-lgM proteins in pool A. Insolubilised anti-~-chaln 
antiserum (Immunoadsorbent C - Fig. 11) was used to render pool A 
completely deficient in IgM (Plate 4). The residual proteins (i .e. 
pool A IIcon taminants") were next used as antigens for antiserum 
production (Plate 5a). 
Immunoadsorbent prepared from this "second generation" anti- , 
serum (Immunoadsorbent E - Fig. 11) contained antibodies against 
contaminating proteins only, after being made H-chain specific. 
In this case anti-L-chain antibodies were neutralised (Plate 5b) 
by immunoadsorption with insolubilised IgM (~+L-chain, Immuno· 
adsorbent 0 - Fig. 11). This step not only removed anti-L·chain 
antibody, but also ensured the removal of any possible anti-~-chaip 
antibody that may still have been present. With immunoadsorbent E, 
up to 2g immunogenically pure IgM could be isolated from 500g Cohn 
f r act i on I I I • This represents a recovery of 24% of the avail-
able IgM in Cohn fraction I I I and is based on an average concen p 
tration of 530mg IgM/100 ml of Cohn fraction I I I extract as pre-
pared for euglobul in or PEG precipitation. It must be stressed 
however, that this concentration was obtained by mepns of the 
single radial immunodiffusion technique of Mancini et a]. (1965), 
and that the yield figure represents an optimum value in view 
of the complexity and variability of the proteins extrac~ed from 
Cohn fraction III. 
Proteins desorbed from immunoadsorbent E were examined by 
means of immunoelectrophoresis and double diffusion in agar. The 
expected pool A "contaminants" could readi ly be identified by 
double diffusion analysis, but the presence of IgM was rather 
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a b 
Plate 5: Immunoelectrophoresi~ of normal ser~m proteins 
versus antiserum aga(nst non-I~' contaminants (see Plate 4) 
in pool A: 
(al unadso~bed antiserum; 
(b} anti~erum adsorbed with in~olubi lised 19M. 
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surprising (Plate 6) . A compar ison of the precip i tin a rcs 
y ielded by this materia l and normal serum against ant i sera to 
IgA, IgG, IgM and (l2-macroglobul in (Plate 7), showed dist inct 
differences in ~he mobil iti es of some of these antigens and in 
the relative posit ions of the i r precipitin lines. These d i ff-
erences were best ill ustrated by the IgG (Plate 7b) and (l2-macro-
globul in (Plate 7d) prec ipi t in lines and could be considered as " 
indicat ions of complex fo rmation between the va r ious macro-
molecules in pool A (see Discussion) . 
2.4. 4 Column chromatography of IgM(Sad) 
A typical chromatogram obta ined from an aga r column for the 
PEG precipitate of IgM(Sad) is shown in Fig . 12 . After conserv-
ative pooling of only those fractions in the shaded area of the 
peak (F ig. 12), about 50% of the appl1ed prote in was recovered 
in highly pu rifi ed form . Th i s is shown by the immunoelectro-
phoret i c analysis of this material against ant i~ tota l serum, 
wh i ch gave on ly a s in g le prec ipiti n arc cha racte ri st i c of IgM 
(Plate 8) . 
2 • 5 DIS CUS S I ON 
The high molecular we ight of IgM in comparison with that of most 
other plasma proteins suggests that it could be easily separated from 
them . Only prote ins 1 ike (l2-mac roglobulin, (l2-lipoprotein, a-lipo-
prote in (Schultze and Heremans, 1966), polymeric IgA (Vaerman et aI., 
1965) and possibly the Cl " component of complement (Naff et al . , 1963) 
have molecular we ights in the same range as that of IgM. Gradient 
ultracentr i fugation has therefo re been used for the isolat ion of IgM 
from an imal (Parkhouse et al ., 1970) and human serum (Vaerman et al . , 
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Fig. 12: Elution profile obtained after chromatography 
of 250 ml of redissolved PEG precipitate of Waldenstrom 
plasma (approximately 12.5g) on 3.5% agar beads (10 x 
100 cm column). Flowspeed was 250 ml/h and 25 ml fractions 
were co 11 ected. 
42 
Plate 6: Ouchterlony double diffusion analysis o~ pro~eins 
desorbed from insolubilised antiserum against non-lgM contam-
inants of pool A (centre well) and monospecific antisera to 
IgG (G), IgII (t1), IgA (A) and a2-macroglobul in (Ma). 
a d 
Plate 7: Immunoelectrophoretic patterns obtained for normal 
serum proteins (left hand wells) and proteins desorbed from 
insolubil ised antiserum to non-lgM' contaminants of pool A 
(right hand wells) against monospecific antisera to IgA (a), 
IgG (b), IgM (c) and a2-macroglobul in (d). 
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Pla t e 8: Immunoelectrophoretic patterns obta ined 
for purif ied IgM(Sad) aga i nst ant i -total se r um . 
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the l ipoproteins, but by careful collect ion of fract ions, IgM was also 
sepa rated f rom a
2
-mac rog lobul in (Vaerman et al . , 1963) . 
Applicat ion of th i s app roach unexpectedly y ielded IgM preparations 
heavily contaminated wi th IgA, IgG, a2-mac roglobul i n and complement 
when Cohn fract ion I I I was the sou rce mate ri al . Ion exchange chroma-
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tography (Chapl in et al., 1965) and zone elect ropho re~is (Muller-Eberhard, 
1960; Cheseb ro et al . , 1968) we re also attempted, with no better results . 
Molecula r exclus ion ch romatog raphy for the purificat ion of IgM has 
been widely used since Ki llander et al . (1964), repo r ted favourably on 
the results of using agar beads for the f ractionat ion of human plasma 
macroglobulins . The phys i co-chemical stud ies reported by Miller and 
Metzger (1965a) on a Waldenstrom macroglobulin pu ri fied by this means, 
underlined the pract i cab i l i ty of th i s approach . In the present 
investigat ion, preference was therefore gi ven to an aga r ge l matr ix 
rathe r than the mo re popula r Sephadex and Biogel prepa rat ions on 
accoun t of aga r 's higher mo lecula r exc l us ion l imi ts coupled with good 
flow cha rac t e ri st ics and ease of prepa rat ion in large amounts in the 
labo ratory i tself . 
Al though the typ i ca l elut ion prof i le i n Fig . 9 for normal IgM 
extracted f rom Cohn fract ion I I I is s imil a r to that found by Kil lander 
et al e (1964) upon ch romatog raphy of whole se rum, the second peak 
(Pool A, Fig. 9) wh ich conta ins most of the IgM, was st i l l heav i ly con-
tam inated by the prote ins IgA, IgG and complement (C3/C4) . Re-
chromatog raphy of pooled mate ri a l from the midd l e of the peak (f ract ions 
d and e, Fig . 9) on e i ther 3. 5% aga ~ or Sephadex G-200 analytical 
co l umns di d not sepa rate IgM f rom the contam inants, although their 
mo lecula r we ights a re widely d i ffe rent (e .g . 1. 5 x 10 5 fo r IgG as 
aga inst 1 x 10
6 
for IgM) . These f i nd ings together with those ' obtained 
from sucrose grad i ent ultracent rifugat ion and zone elect rophoresis 
suggested that the contam inants we re present, in part at least, as 
complexes o r aggregates in Cohn f ract ion I I I and that th i s gave rise 
to their high apparent molecu la r we ights . 
Chromatog raphy i n the presence of dissociat i ng agents like 8 M-urea 
was therefore attempted, but this was not successful, because i t led to 
the vir tual complete loss of IgM ant igenic ity, probably because of 
irreversible changes in confo rmat ion . Ev i dence fo r the latter explan-
ation was obta ined in c ircula r di chroism (CO) studies on purif ied normal 
and monoclonal IgM. The CO curves of GuHC1-denatured IgM preparations 
did not return to those of the native prote ins afte r removal of the 
denaturant, but resembled those of randomly co i led proteins (cf . 
Chapter 5). 
The known heat labil i ty of a2-macroglobulin (Schultze and Heremans, 
1966) led to the introduct i on of a heat treatment step befo re rechroma-
tog raphy. The improved qual i ty of the pool AI fraction thus obta i ned 
(viz . a decreased content of a2-1 i poprote in, IgA, IgG and comp lement, 
Plate 1) eventually made poss ibl e the first successful i solation of 
immunogenically pu re IgM from Cohn fraction I I I (van der Hoven, 1971) . 
It is of course poss ible that the contam inating prote ins might only 
have lost the i r nat ive ant igen icity upon heat ing and were i n fact still 
present in pool AI, albe it in alte red (denatured) form . The observ-
ation that only a small ext ra peak of lower molecular we ight prote ins 
eluted on rechromatography of heated pool AI (Fig . 10) provides cir-
cumstantial ev i dence fo r th i s possib i l i ty . The o ri ginal motivation 
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fo r heat treatment of pool AI prote ins, viz . removal of a
2
-macroglobulin, 
was not achieved by this procedu re and last traces of this contaminant 
were eventually removed by immunoadsorption . 
Affinity chromatography emp loying polysaccharide beads as ca r riers 
(Axen et al . , 1967), is a powerful and mi ld technique for the purific-
ation of proteins on the bas is of biologica l spec i ficit ies . In the 
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case of the immunoglobul ins it has been shown by Mann ik and Stage (1971), 
for instance, that IgG, IgA and IgM may be removed individually or in toto 
from human serum by this method. 
The dominating immunoglobul in i n human secret ions, including milk, 
is IgA (Tomasi et al . , 1965). In human colostrum, however, IgM is 
found in almost equal abundance and its concentrat ion probably approaches 
that of IgA . Furthermore, human milk also contains IgG and C3 (Schultze 
and Heremans, 1966). During lactation the IgM concentration level 
drops rapidly unti I it is almost undetectable (Schultze and Heremans, 
1966) . Although the ant i -m i lk antiserum was primarily prepared for 
its anti-lgG, anti-lgA and ant i -C3 specif ic i ty, i t fortunately also 
contained some ant i -a2-macroglobu li n act ivity. Afte r rendering th is 
ant i serum H-cha in spec ific and i nso lubilis ing i t, i t was an eff i c ient 
immunoadsorbent with wh ich t o pu rify heated, rech romatographed pool A. 
Human mi lk can be considered to be t he idea l natu ra l ant igen fo r the 
product ion of the ant i se rum in quest ion . Indeed, the prepa rat ion of 
immunogenically pure IgM (Plate 2b ) followed by the product ion of mono-
spec i f i c ant i ~lgM (Plate 3b) was made poss ible with the a id of such an 
i mmunoadso rben t . The ant i - l gM ant i serum was tested at the International 
Reference Centre fo r Immunoglobulins of the W. H. O. and was rated excellent 
(Rowe, 1972). 
Notwithstanding the initi a l success ach ieved with immunoadsorbent A 
it was subsequently estab lished that the act ivity and spec i f i c i ty of 
later prepa rat ions of ant i -m il k ant i sera we re too va ri ab le, espec ially 
as far as the removal of a2-mac roglobul in was concerned . P rote ins 
deso rbed from immunoadso rben t A we re t he refore used fo r immun i za ti on, 
but i t was found tha t t he an ti se rum produced could not be used because 
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of i ts st rong an ti -~-cha i n activity. Effor t s to remove the ant i -~-cha i n 
ant i bod ies by immunoadso rpti on wi th i nsolub ili sed IgM(Sad) we re unsuccess-
fu l . Th is was ' no t su rpri s i ng in view of the known res tri ct ion in respect 
of heavy-cha in subc l ass, a ll oty pe and i diotype of monoclona l i mmunog lob-
ulins (Humphrey et a I. , 197 1) . 
The ava il ab i l i ty of monospec i fi c goa t ant i - l gM an t iserum, however, 
clea red the way , fo r prepa ri ng a supe ri or an ti serum aga inst known as 
well as undetected contam i nan t s in pool A. The latte r an t i serum could 
be made against non-lgM prote ins by f i rst render ing poo l A completely 
def i c ient in IgM wi th the fo rme r an t i serum and us ing the res i dual proteins 
as ant igens fo r ant ise rum product ion . Mo reove r , the ant i - l gM antiserum 
also ensured that such an an t igen prepa rati on cou l d be rel i ab ly produced 
at any late r date . 
A 1 t hough the "second gene ra t i on" ant i se rum ( Immunoadso rbent D) of 
necess i ty con t a ined t he spec i f i c ant ibod ies t o poo l A con t am inants, i t 
also co'n t a ined st rong ant i -L-cha in ant ibod ies whi ch wou l d abso rb IgM 
The ob vious so l ut ion t o th i s problem 
was to neu tral i ze t hese ant i bod ies wi t h pu r if ied L-cha in . Howeve r , 
the di f f i cu lty expe r ienced i n t he prepa rat ion of L-cha in i n l a rge 
quan ti t ies of su f f i c ien t pu r i ty, i. e . wi t hout any y-cha in, l ed to the 
invest i gat ion of two a l t e rna t i ve app roaches to get r id of a ll ant i -L-
cha in spec i f i c ity i n the an t i se rum: 
( i ) Ant i -L-cha in ac t iv i t y was neu t ra l ized with Fab-f ragmen t 
of IgG . Th i s mean t t ha t ant i -Fdy spec i f i c ant ibod ies 
wou l d a l so be removed, bu t i t was ant i c ipated t ha t the 
an t i-Fey ant i bod ies wou l d be una ffected, thereby reta ining 
the ability to remove IgG from pool A. Pilot expe ri -
ments, though, showed on ly very weak ant i -Fcy act ivity 
afte~ neutralisat ion of the antiserum with Faby and, 
not surprisingly, immunoadsorbent prepared on larger 
scale VIas found incapable of removing the IgGcom-
ponent of pool A. 
(ii) Ant i -L-cha in act ivity was neut ral i zed by immunoadsorp-
tion with insolub ilised IgG . This approach rendered the 
antiserum totally def ici ent i n anti-y-chain act ivi ty, 
necessitat i ng the product ion of a second ant i serum and 
immunoadsorbent specifical ly for IgG extraction. To 
circumvent the poss ib ility of such an ant i serum contain-
ing anti-L-chain antibod ies, it was made aga inst the 
Fc-fragmentof IgG . It was found howeve r , that anti-
Fcy-immunoadsorben t not on ly removed an apprec i able 
amount of IgM, bu t some res i dua l IgG could st i 11 be 
detected afte~a rds in poo l A by means of an ant i -y-chain 
ant ise rum. An explanat ion for t hese anoma lous .observ-
at ions may be that the IgG in pool A ex i sted i n the form 
of at least two d i ffe ren t spec ies of so l uble complexes: 
(a) IgG may be comp lexed with IgM . Such a 
s i tuat ion could a rise i f IgG wi th ant i - lgM 
specif ici ty were to come in contact wi th i ts 
antigen (lgM) . Adso rpt ion of IgG complexed 
in th i s manne r wou l d mean simultaneous removal 
of bound IgM . 
(b) IgG may be complexed wi th other prote ins in such 
a way that i ts Fe- reg ion i s ent irely masked, mak ing 
the mo lecule un recogn isable to the monospec i f i c 
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anti-Fcy immunoadsorbent; C3 may be implicated 
in this context (Askenase and Leonard, 1970). 
After experiencing these setbacks it was realised tnat the sound-
est approach would be to neutralize anti-L-chain antibodies with an 
IgM immunoadsorbent (Immunoadsorbent D, Fig. II). Only 0.3g of puri-
fied normal IgM was available at the time for this purpose. The stab-
i lity of immunoadsorbents fortunately provides such a built-in ampl i-
• 
fication effect that it was eventually possible to prepare 109 of pure 
IgM employing this single batch as the penultimate immunoadsorbent (D) 
in the isolation scheme outlined in Fig. 11. 
Further evidence of the complexity of the non-lgM contaminants 
was found when these proteins were recovered and subjected to immuno-
electrophoretic analysis against various monospecific antisera. The 
precipitin arcs that developed against anti-a2-macroglobul in and anti~ 
IgG antisera were obviously abnormal when compared with those yielded 
under the same conditions by normal serum proteins (Plates 7b and 7d). 
Although little is known about the nature and composition of the 
complexes extracted from Cohn fraction I I I, it is highly 1 ikely~ for 
example, that aggregation of IgG can take place during the Cohn 
fractionation procedure. Treatment with ethanol and other organic 
solvents is known to cause aggregation and the concomitant appear-
ance of anticomplementary activ i ty in . IgG solut ions (Waldesbuhl 
et al., 1970). The ant i complementary activity of Cohn fraction I I 
solution is a well-known phenomenon and various attempts have been 
made to render this fraction safe for intravenous administration 
(Barandun et al., 1962; Schultze and Schw ick, 1962; Sgouris, 1967). 
It is generally accepted that the cause of anticomplementary activity 
lies in the presence of aggregated or semi-denatured monomeric immuno-
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globul in molecules and i t has been shown that enzyme digestion, reduct-
ion and alkylation or sepa ration of aggregated material by sodium sul-
phate precipitation (Frommhag~n and Fudenbu rg, 1962) yields non-anti-
complementary IgG solut ions . 
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Muller-Eberhard and Kunkel (1961), have furthermore shown that heat-
aggregated human IgG wi l l b ind the first component of complement, Cl. 
Once the complement system has been act ivated, C3 and c4 can bind to the 
IgG-C-complex (or to the i nd ivi dual IgG molecule), thereby further in-
creasing the molecular s i ze of the complex (Askenase and Leonard, 1970; 
Chan and Cebra, 1968; Muller-Eberhard and Lepow, 1965). It is there~ 
fore conceivable that a series of reactions involving IgG and some of 
the complement components may be brought about during the manipulations 
(including ethanol prec i pitat ion) of the Cohn fractionation procedure, 
and that these could produce soluble complexes with molecular weights 
in excess of 106 daltons. Th is would explain tpe unusual presence of 
IgG, as well as of comp lement components, i n the high molecular weignt 
fraction (Pool A) after agar gel chromatography. 
Additional explanat ions for the presence of complement in pool A 
could be found in the wo rk of Augener et al. (1971), who have shown 
that the relative binding capac i ty of Cl to IgG and IgM is dependent 
upon the degree of polymerizat i on of these prote ins in their native 
state. Although compa rable amounts of Cl are bound by IgG and 7-S 
IgM, higher molecular we ight IgM, such as the species sedimenting at 
more than 35-5, will b ind 116 t imes more Cl. It has also been shown 
by Borsos and Rapp (1965), and by Cohen (1968), that the minimum unit 
for complement fixat ion by IgG consists of two adjacent antibody mole-
cules linked by an ant igen bri dge whereas a single molecule will suffice 
in the case of IgM. Complex fo rmation between IgM and complement com~ 
ponents is therefore even more 1 ikely than for IgG. 
IgA, on the other hand, is known not to bind complement (Ishizak~ 
et al., 1966a) but . undergoes disulphide interchange reactions with var-
ious other serum proteins which give rise to higher molecular weight 
IgA~containing complexes (Mannik, 1967). Sedimentation coefficients 
of up to 17-S have been reported for polymeric normal IgA (Vaerman 
et al., 1965). The unexpected high IgA content of pool A may be ex-
plained by these observations. 
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One additional source of protein complexes in the Cohn fraction I I! 
used during this investigation may be that plasma obtained from 400 to 
600 individual blood donations (i .e. 100 to 150 L), was usually pooled 
for fractionation purposes. The probability of naturally occurring 
antibodies to isogenic plasma proteins meeting their antigens i~ such a 
volume of plasma must be considered reasonable, taking into account 
that the frequency of non-specific antibodies against the gamma glob-
ulins alone, has been found to be 5.4% in 1,989 adults tested (Wilson 
and Steinberg, 1965). The isoantigenicity of the low density 1 ipo~ 
proteins, the a2-macroglobulins, IgA and C3 (Butler, 1969) is also 
well known and may contribute to the formation of soluble complexes in 
large volumes of pooled plasma. 
In contrast to the problems encountered during the isolation of 
normal IgM, the purification of IgM(Sad) was an easy two-step procedure. 
This is not surprising in view of the high concentration of this protein 
in the macroglobulinaemic plasma from which it was isolated. The ease 
with which monoclonal IgM is generally isolated, is reflected by the 
fact that many worker~ util ize only the euglobulin character of these 
proteins for their isolation (some are however not euglobulins) and 
do not make use of any additional purification techniques. 
The isolation of normal IgM from Cohn fraction I I I and of a mono-
clonal IgM, IgM(Sad} , from the plasma of a patient suffering from 
Waldenstrom's macroglobul inaemia had therefore been achieved, employ-
ing techniques I ike euglobulin and PEG precipitation, column chroma-
tography and immunoadsorption. By means of the last~entioned tech-
nique, immunogenically pure normal Igl1 was isolated in up to 2g quant-
ities from 500g of starting material. Sufficient quantities of highly 
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purified normal and monoclonal IgM were consequently available to under-
take the comparative structure and conformation studies described in 
the following chapters. 
Chapter 3 
THE DIGESTION OF N'ORHAL IgH AND IgM(Sad) WITH TRYPSIN 
AND THE PURIFICATION OF THE TRYPTIC FRAGMENTS 
3. 1 I NTRODUCT ION 
Aft~r the early report of Porter (1959) on the use of papain for 
the st ructural determina ti on of rabbit IgG, proteolyt i c enzymes have 
come to be widely employed in immunoglobu li n research . Digestion by 
proteases like pepsin, papa in, pronase, t ryps in, chymotrypsin or 
thermolysin is today essent ia l fo r the eluc i dat ion of the positions 
of carbohydrate moie~ i es, the composition in terms of fragments and 
the pr imary structure of the immunoglobulins . Application of these 
enzymes, in conjunction wi th the necessary techniques for the separ-
ation and sequenc i ng of the resultant fragments, has led to the deter-
minat ion of the ent ire am ino ac i d sequence of IgG (Ed~lman et al., 
1969) and of mo re than 90% of t ha t of a Waldenst rom IgM (Putnam et al., , 
1972) . 
Human IgG is on ly digested to a li mi ted extent by papain at 37°C, 
y ield ing well-def ined Faby and Fcy f ragments (Porter, 1967), but IgM 
is rapidly degraded to a hete rogeneous mixture of fragments and pep-
t i des by this enzyme (Pu tn am , 1967), unless very carefully controlled 
conditions are mainta ined . Desp i te the effor ts of Onoue et al. (1968) 
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and Mihaesco and Sel igmann ( 196B), yields of Fc~-fragment in particular 
were insuff i cient for deta i led phys i co-chem i cal and biochemical studies. 
Such stud ies became poss ible only recently after i t was discovered by 
Plaut and Tomas i (1970), t hat tryps in digest ion of IgM at an elevated 
temperature yields sat isfacto ry amounts of both majo r f ragments (Fab~ 
and FC5~) ' 
The work reported on in th i s chapter deals wi th an invest igation of 
different conditions for the high temperature tryptic fragmentation 
of normal IgM and IgM(Sad) , as well as column chromatographic pro-
cedures for the separation and purification of such fragments . The 
heterogeneity of some tryptic fragments is emphasized, and its poss-
ible causes are discussed . 
3.2 MATERIALS 
Normal IgM and IgM(Sad} were pur i fied as described in chapter 2. 
Commercial antisera monospecific for K and A light-chains were 
obtained from Hylands Laborator ies, California, U.S.A. 
Grade 1 guanidine hydrochloride (GuHC1), sodium dodecyl sulphate 
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(SDS), phenylmethylsulphonylfluoride (PMSF), N-benzoyl-L-arginine e~hylester 
(BAEE) (Sigma Chemical Co . , Missouri, U.S.A . ), acrylamide, N,N'-meth-
ylenediacrylamide (BIS), N,N,N ' ,N' ,-tetra methylethylenediamine (TEMEDl 
(Koch-Light Laboratories, Buck in ghamshire, England) and Pyronin G 
(Merck Darmstadt, Germany) were purchased from the respective suppliers . 
All chemical reagents were of ana lytical grade and were used without 
further pur ifi cat ion, except that SDS and acrylami de were recrystall-
i sed from 5% (w/v) solutions in 95% ethanol and chloroform, respectively. 
Sephadex G-200 and Sepharose 6B (6% aga rose beads) were obtained 
from Pharmac ia, Uppsala, Sweden. 
Th ree times crystallised Bovi ne panc reatic trypsin (grade 5) was 
a -product of Miles-Seravac Laboratories, Cape Town. 
3.3 METHODS 
3. 3.1 Trypsin assay method 
The act ivity of trypsin in the presence of various 
concentrations ·of NaCl at room temperature and at 56°C, was 
assayed according to the method of Schwert and Takenaka (1955) 
using BAEE as substrate and the efficacy of PMSF as an irre-
versible inhibitor was confirmed. 
3.3.2. Immunological methods 
Ouchterlony double diffusion in agar and immuno-
electrophoresis were car r ied out as previously described 
(chapter 2). 
SOS - Polyacrylamide gel eLectrophoresis (SOS-PAGE) 
Polyacrylamide gel electrophoresis in 1% SOS was carried 
out according to the method of Fairbanks et al. (1971). A 
Shandon SAE-2734 apparatus for polyacrylamide electrophor~ 
esis (Shandon Scientific Company, London) fitted with eight 
borosilicate glass tubes (diameter 5 mm, height 8 cm) was 
used. Gels contain ing 4% or 5.6% (w/v) acrylamide and 0.21% 
crossl inker (BIS) were routinely used. Before gelling had 
occurred, water was carefully laid over the polyacrylamide 
solution in the tubes to ensure that the gel surface was 
flat. 
Lyophilysed protein samples were dissolved in 0.01 
M-Tris-HCl buffer, pH 8.0, which also contained 0.001 M EOTA, 
1% SOS, 10% sucrose and 0 .001% Pyronin G (tracking dye). 
Proteins already in solution in other buffers were dialysed 
overnight at room temperature against the same SOS-buffer 
as above. Four to five microlitre samples containing approx-
imately 50 ~g protein were carefully applied to the top of 
the gel cylinders (already submerged under electrophoresis 
buffer) by means of a graduated microsyringe (Hamilton Corp., 
California, U.S.A.). A current of 5 rnA/gel was applied for 
75 min, during which time the tracking dye migrated to close 
to the lower (anodal) tip of the gels. 
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The gel cylinders were removed from their glass tubes 
by careful rimming with a 3-inch 24-gauge syringe needle 
whilst submerged under water. They were stained overnight 
in a 0.025% solution of Coomassie Brilliant Blue dye dls~ 
solved In isopropanol - acetic acid - distilled water 
(25:10:65 v/v). Destaining was a two-step procedure 
and required the following solutions: 
Solution 1: isopropanol - acetic acid - distilled 
water (10:10:80 v/v) 
Solution 2: 10% acetic acid in distilled water. 
Staining and destaining took place In a special contaIner 
mad~ out of a 2 cm (width) x 9 em (height) x 12.5 cm (length) 
clear Perspex block into which eight holes (diameter: 9 mm; 
depth: 8 em) had been dri lIed. The free flow of solution 
around the gel cylinders which were placed in these holes, 
was ensured by 3 mm wide slots machined vertically on both 
sides from the bottom to within 5 mm of the top of each 
hole. The container with gels was submergeq In the appro-
priate solution, which was stirred magnetically; Destaln-
ing in solution I took place for 7 to 8 h and In solution 2 
until the gel cylinders were clear (± another 24 h). 
3.3.4 Trypsin digestion of norma! IgM and IgM(Sad) 
3.3.4. I High, temperature (56°c) digestion The method 
employed for the high temperature trypsin digestion 
of IgM preparations was essentlllly that described 
by Plaut and Tomasi (1970). SOlutiOns (6 mg/ml) of 
purified normal IgM or IgM(Sad) Tn 0.05 M-Trls-O.Ol 
M~C.CI2' pH 8.0, were digested at 56°C with trypsfn 
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for periods ranging from 0.5 h to 4 h. Trypsin was 
dissolved in a minimum volume of 0.001 ~-HC1-0.05 
M-NaCl, pH 3.0, before addition to the protein sol-
ution, prior dissolution of trypsin in this acidic 
medium being necessitated by its poor solubility in 
the pH 8.0, Tris - NaCl buffer in which IgM was normally 
dissolved . . An enzyme-to-protein ratio of 1 : 25 was 
always used for proteolysis. Digestion was terminated 
by the slow addition of the trypsin inhibitor PMSF to 
a hundredfold molar excess. The calculated amount of 
PMSF to be added was dissolved in a volume of iso-
propanol such that the final isopropanol concentration 
in the digest-inhibitor mixture was 10% (v/v). Such 
aqueous isopropanol solutions were not dlalysed before 
column chromatography commenced and had no obvious 
detri~ental effects on either the packing material or 
chromatography itself. In fact, detection of the 
characteristic smell of isopropanol in the effluent 
served as a good i nd i cation that no further peptide 
peaks would be eluted . 
Small-scale experiments on the effect of NaCl con-
centration and digestion time on the nature and quali-
tative distribution of tryptic fragments from normal IgM 
as well as IgM(Sad) were carried out as follows: 
A 10-ml digest ion mixture was made up as above and 
two 3-ml aliquots were then pipetted into 10-ml glass 
bottles containing sufficient solid NaCl to yield solu-
tions 0.5 Hand 1.0 M in NaCl respectively . The three 
digestion mixtures were stoppered and incubated simul~ 
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b h 56°C. taneous 1j in a water at at Digestion was term-
inated at pre-selected time intervals by withdrawing 
225 ~1 samples and transferring them to test tubes con-
taining 25 ~1 of Pt~SF dissolved in isopropanol. · Imml,.lno-
electrophoretic analysis of the digestive products of 
these tubes was begun 30 min after . the last sample had 
been taken, and the residual solutions were dia1ysed over-
night for SOS-PAGE analysis. 
The influence of the method used to precipitate 
IgM(Sad) upon subsequent susceptibility to trypsin was 
investigated by precipitating one half of the Wa1denstrem 
plasma from a single plasmapheresis with PEG and the 
other half by dialysis against dilute phosphate buffer. 
The two precipitates were purified by column chromato-
graphy, digested with trypsin and their thromatQgr~phic 
patterns compared. 
3.3.4.2 Low temperature (37°cl digestion of IgM(Sad) 
Trypsin digestion of IgM(Sad} at 37°C and column chroma-
tographic separation of the products were carried out, 
according to Mi 11er and Metzger (1966)', in order to obtain 
F(ab)2~(Sad) for comparat i ve SOS-PAGE analysis. 
3.3.5 Column chromatography 
One hundred centimetre long glass columns (Pharmacia, 
Uppsa1a, Sweden) with diameters of 10 cm, 5 cm and 2.5 cm 
were used for molecular exclusion chromatography and a 
2.5 x 45 cm glass column (Pharmacia, Uppsa1a, Sweden) was 
used for cellulose ion-exchange chromatography. All chroma-
tography columns were fitted with flow adaptors and were 
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si liconised before use (Siliclad - Clay Adams, New Jersey, 
U. S.A.) . Molecular exclusion chromatography took place 
under gravity flow and constant hydrostatic pressure, whilst 
a Beckman Model 141 gradient pump (Beckman Instruments, Cali-
fornia, U.S.A.) w~s used for ion-exchange chromatography. 
Packing materials for molecular exclusion chromatography inclu-
ded Sepharose 6B, Sephadex G-IOO (superfine) and Sephadex G-200. 
3.3.6 Antiserum production 
Rabbit antisera to the Fab~ and FC5~-fragments of normal 
IgM were produced as described in chapter ~. Anti"Fd~ antl-
serum was obtained by neutral ising the anti-L-chain activity 
of selected anti-Fab~ antisera by adsorption with insolubil-
ised IgG (Y2L2) until no more antibody with anti-L-chain 
specificity could be detected (Ouchterlony double dif~usion, 
1% (w/v) IgG solution as antigen). 
3.4 RESULTS 
3.4.1 The effect of NaCl concentration on the high temper-
ature trypsin digestion of normal )gM and IgM(Sad) 
) 
3:4.1.1 Small-scale experiments. I n an effort to 
obtain maximum yields of the Fab~ and FC5~ fragments 
of normal IgM and IgM(Sad), optimum digestion con-
ditions were determined in pilot experiments in which 
both the NaCl molarity and the duration of digestion 
were variect~ 
The IE and SDS-PAGE results obtained from one 
such experiment on normal IgM are presented in Plates 9 
and ]0 respectively. Although IE results cannot be 
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P J ate 9 
IE analys i s of tryp ti c d i ges t s ( S6°C) o f No rma l IgM (6 mg/m l' i n O, OS M-T ri s-O . OI 
M-CaC IZ ' pH 8 , 0) ob t a i ned unde r t he f ollo.v i ng cond i t i ons : 
a-f: 0 . 0 M NaC I , 1-6 h d i ges t ion (I h i nc rements.); 
g- I : O. S M NaCI, 1-6 h d i g.est i on (I h increments); 
m- r : 1 . 0 M NaCI, 1-6 h d i gestion (I h i nc r ements) . 






a :., c d e f g h 
Plate 10 
50S-PAGE (5.6% gel) analysis of tryptic digests (S6°C) of Normal IgM (6 mg/m1 in 0.05 
M-Tris-0.01 M-NaC12, pH 8.0) obtained under the following conditions: 
a-c: 0.0 M NaC1 - 2, 4 and 6 h digestion; 
d-f: 0.5 M NaC1 - 2, 4 and 6 h digestion; 
g-i: 1.0 M NaC1 - 2, 4 and 6 h digestion. 
0' 
t" 
interpreted strictly quantitatively, a decrease in 
FC5~ yield with time when NaCI is absent, is evident 
from Plate 9 (a - f). Of greater importance, however, 
is the variation in the precipitin patterns obtained 
at various NaCI concentrations, but at equivalent 
di gest ion times. Comparison, for example, of Plate 9a 
(0.0 M NaCI, I h digestion) and Plate 9g (0.5 M NaCI, 
I h digestion) not only shows that while the FC5~­
precipitin line is less distinct in Plate 9g, 
it also occurs in a more cathodal position. Plate 9g 
furthermore shows two precipitin I ines on (ts cathodal 
side (possibly undigested IgM and Fab~) whereas Plate 
9a only has a characteristic Fab~ precipitin line. 
These observations suggested a slower rate of trypsin 
digestion of IgM in the presence of NaCI which could 
have been due to either an inhibition of the enzyme 
or a stabi I ization of the protein substrate, IgM, by 
NaCI (Plate 9m). BAEE assays of trypsin at 56°c, 
either at zero time or after a 30-min preincubation of 
the enzyme did not reveal any loss in trypsin activity 
in the presence of NaCI . Although the BAEE-assay 
admitte~ly meas~res esterolytic and not proteolytic 
activity, it seems reasonable to assume that the effect 
of NaCl was not to change trypsin activity, but rather 
to stabilize IgM against tryptic digestion by an 
electrolyte-protein interaction. C i rcums tan t i a I 
evidence supporting this view may be found in Plate 
9r in which it is evident that even at the highest 
NaCI concentration tested, a sufficiently long 
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digestion time will eventually lead to IgM fragment-
ation. 
The qualitative results obtained from IE were 
confirmed by SOS-PAGE analysis (Plate 10) of the same 
samples. In the absence of purified Fab~ and FC5~ 
fragments, the multiple bands shown in Plate 10 could 
not be positively identified. However, it was assumed 
that the two uppermost bands were FC5~ and Fab~ respect-
ively and that the lower ones were smaller subfragments. 
It can be concluded that in the absence of NaCl a more 
rapid fragmentation of normal IgM took place than in 
its presence. 
The IE and SOS-PAGE results obtained for IgM(Sad) 
I 
from a comparable experiment extending over a 3-h 
digestion per iod are shown in Plates 11 and 12 respect-
ively. The results were very similar to those obtained 
for normal IgM and the same conclusions regarding the 
protective effect of NaCl can be reached. One obvious 
difference between these two immunoglobulins was the 
greater susceptib i 1ity of IgM(Sad) to trypsin fragment-
ation. This is reflected by the shorter digestion 
periods necessary to obtain complete fragmentation of 
IgM(Sad). (Compare for instance Plates 11 1 and 9 i). 
Conditions of NaC1 concentration and digestion time for 
large-scale fragmentation of normal IgM and IgM(Sad) 
were selected on the basis of the above results . Exp-
erience showed, however, that this approach did not 
always give the desired results, since fragment yields 
quite different from those expected were often obtained 
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P l ate 1 I 
IE ana l ys is of t rypt i c d i ges t s (56°C) o f Igt~(Sad) (6 mg/m l i n 0 . 05 M-T ri s-O oOl 
M-CaC1
2
, pH 8 . 0) obta i ned un de r the followin g con d i t i ons: 
a-f : 0.0 M NaG1, 0 . 5-3 .0 h d i gesti on ( 0 . 5 h i nc remen t s); 
g- 1: 0 . 5 M NaG I , O. 5-3A) h d i gesti on (0 . 5 h i nc r emen t s); 
m- r: 1.0 H NaG ! , 0 . 5-3 . 0 h d i gesti on (0 . 5 h i nc rements) . 




a b c d e f 9 h 
Plate 12 
50S-PAGE (S.6% gel) analysis of tryptic dtgests (S6°C) of IgM(Sad) (6 mg/ml in O.OS 
M-Tris-O.Ol M-CaC12' pR 8.0) under the following conditlons: 
a-c: 0.0 M NaCl - 1, 2 and 3 h digestion; 
d-f: 0.5 M NaCl - 1, 2 and 3 h digestion; 
g-i: 1.0 M NaCl - i, 2 and 3 h digestion. 
'" C"J ..... 
from scaled-up digest ions . 
3.4.1.2 Effect of sod i um chloride concentration and 
digest ion time on the y ie lds of tryptic fragments of 
IgM(Sad) obta ined by column chromatography. Optimum 
conditions for the la rge~scale trypt i c fragmentation of 
IgM(Sad) proved extraordinar i ly difficult to extrapolate 
from pilot expe ri ments and widely d isparate results were 
obta ined from smal l and large-scale digestion of the 
same IgM(Sad) prepa rat ion. Another perplexing obser-
vation was that the me t hod of IgM(Sad) precipitation 
(PEG or euglobulin) had a profound effect on the yield 
of proteolyt i c f ragments . Fab~ yields of 15.4% and 
44.4% were obta ined respect ively, for instance, in a 
comparative expe ri men t us ing IgM(Sad) from a single 
donat ion of mac rog lobul i naem ic plasma but precipitated 
e i ther by PEG o r by the euglobul i n method. At t~is 
stage the cause of th i s difference in susceptibility 
to t ryps in c leavage can on ly be speculated upon and 
i s conce i vab ly re lated t o a smal l , but s ignif i cant 
confo rmat iona l change induced by one method of pre-
c i pitat ion, but no t by the othe r. Paul et al. (1971) 
have found that, for IgM(Ou), a carbohydrate moiety on 
asparagine 221 l ies in c lose proximity to the trypsin 
cleavage po int, vi ~ . a rgi n ine 214 (Fig . 13) . They 
have suggested tha t t he h igh temperature during digestion 
may cause suff i c ient unfold ing of the intact molecule 
to allow a close app roach of enzyme to this otherwise 
ste ri cally blocked pa r t of the pept i de cha in . The 
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higher turbidity usually found for redissolved euglob-
ul in precip i tated IgM{Sad) could perhaps be taken as an 
indication that euglobulin precipitat ion is a harsher 
technique than PEG precipitation, leading to a greater 
extent of unfo l ding (partial denaturat ion) and event-
ually to greate r sensit i vity to trypsin cleavage . 
Tryps in 600 
Fab~ I Fc~ 




- 1 ) (-
Ser-Met-Cys - - -- -- Val-Pro-Asp-Glu-Asp-Thr-
Fc~ 
) 




Fig. 13: Am ino ac i d sequence of the hinge region of 
IgM (Ou) (.Paul et a I. , 197 1). 
Because of the highe r y ields of Fab~ and FC5~ gene-
rally obta ined f rom euglobul i ~ prec ipi tated I~M{Sad), a 
study (column ch romatog raphy) of the effect of NaCl con~ 
cent ration and diges ti on time on fragment yields was 
undertaken on such prepa rat ions . The results of one 
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experiment a re gi ven in Table 1 which shows an expected 
decrease in the hi gh molecula r weight f ract ion (a) and 
an increase in sma l l pept i des (c) wi th digest ion time . 
The inhib i to ry effect of NaCl on the rate of prQt~o-
lys is of IgM(Sad) Is again ev i dent . Th i s i s i 11 uS -
trated by a highe r conten t of high molecular weight pro-
te ins (fract i ons a + b) and a l owe r yielQ of sm~ll pep-
ti des (fracti on c) at compa rab le t i,me i ntervals in the 
presence of NaC 1. Inspect ion of the perGentage y i elds 
of fraction c obta ined from a 15 min tryps in digest in 
the absence and presence of M NaCl (Table 1), also shows 
that NaCl depressed the y ield of this fr,ction by approx-
imately 55% . The resu l ts of this experiment were of 1 ittle 
value in establ ish i ng cond i tions fo r the large scale fr~g-
mentation of no rma l IgM and IgM(Sad) . 
Table 1 Ch romatog ra ph i c yields (%) of t rypt i c f ragments of 
eug lobul in preci pita t ed IgM(Sad) as a funct ion of time of 
digestion and NaC l concen trat ion . Digests f ragmented on 
Sephadex G-200 wi t h 0 .05 M-T ris -0 . 5 M-NaC l (pH 8. 0) as eluant . 
% y ields after 
Co 1 umn f ract ions NaC 1 ,M 
7. 5 min 15 min 30 min 
Fraction a 0. 0 23 . 2 14 . 8 13.Z 
II 0. 5 69 . 8 37.4 17 .9 
II 1.0 78.4 60.4 28.7 
Fraction b 0. 0 16 . 5 17 . 5 9. 3 
II 0. 5 a 15. 0 21.4 
II 1. 0 a a 20.4 
Fract ion a + b 0. 0 39 . 7 32 . 3 22.5 
II 0. 5 69.8 52 . 4 39 · 3 
II 1. 0 78 . 4 60 .4 49.1 
Frac;:tion c 0. 0 24 .9 26 .0 9 . 8 
II 0. 5 12. 1 10 . 5 8.3 
II 1. 0 8. 0 11.7 11.5 
a : No sepa rat ion into fract ions a and h nC\r. II ...... ~ 
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3.4.2 Large scale trypsin digestion of normal IgH and 
separation of the Fab~ and FC5~-fragments 
In this experiment, a solut ion of 677 mg of purified 
normal IgM in 111 ml of 0.05 M-Tris-O.Ol M-CaCl~ buf~er. pH 
8.0, containing 0.5 H NaCl was digested for 4 h at 56°c. 
Column chromatography on Sephadex G-IOO re~olved the digest 
into three peaks as shown in Fig. 14. Fraction 14c con-
sisted of dialysable pept i des. Immunoelectrophoretic and 
SOS-PAGE analyses of fract ions 14a and l4b (Plates 13 and 
14) showed that these two fractions represented, respectively, 
FC5~ and Fab~-containing material. 
This conclusion is based on the anodal and cathodal m~b-
ilities of these fragments and the i r known difference in mole~ 
cular weight (Plaut and Tomas i , 1970). The analyses of fract-
ion l4a also showed that i t was contaminated wi th undigested 
IgM . 
The presence of an add i t ional fa int precipit in line more 
anodal than that of FC5~ (Plate l3a) was unexpected and the 
author is unaware of any 1 i te rature reference to the identity 
of this fragment. It is possible that this fast anqdal cqm~ 
ponent (FAe) is a unique f ragment of normal IgM s ince it was -
not observed in digests of IgH(Sad). 
3. 4.3 P~riflcation of ' normal FC5~ 
The obv ious hete rogene i ty of fract ion l4a illustrated 
by IE and SOS-PAGE ana lys is (Plates 13 and 14) necessitated 
furthe r pu r ificat ion of i ts FC5~-component before any 
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Fig. 14: Sephadex G-IOO chromatogram of a 4 h tryptic digest at 56°C 
of 677 mg normal IgM in the presence of 0.5 M NaCI (10 x 95 cm column; 




Plate 13 IE analysis of fractions 
14a and 14b (Fig. 14) against unad-
sorbed anti-lgM antiserum. 
Fab~ ) 
a b 
Plate 14 SDS~PAGE (5.6% gel} ana-
lysis of fractions 14a and 14b (Fig. 
14) . 
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attempted. Immunoelectrophoretic and SOS-PAGE analysis of 
fractions 15a, 15b and 15c, obtained after chromatogr~phy 
of fraction 14a on Sephadex G-200 (Fig. 15), are depicted 
in Plates 15 and 16 respectively. When compared with 
the results for fraction 14a, it is clear that fraction lSQ 
represents a substantially better preparation of FC5~' al-
though it is still not homogeneous. Fraction 15a appears ' 
to consist of higher molecular weight material (no gel 
penetration in Plate 16a), comparable to incompletely di-
gested IgH. 
The low yield and heterogeneity (Plate 16c) of fract~ 
ion 15c (FAC) made further attempts at its purification un-
attractive. An amino acid analysis (Chapter 5) of FAC 
revealed a relatively high content (26%) of aspartic plus 
glutamic acid which explains its fast anodal mobility. 
Its molecular size and anodal position probably rule out 
the possibility that it is related to the " Int-L" fragment 
described by Plaut et al. (1972), or J-chain isolated from 
IgM (Mestecky et al., 1971) . 
Fraction 15b was finally chromatographed under diss-
ociating conditions in 0.01 M-Tris-4.0 M-GuHC1, pH 8.0, on 
agarose beads (Sephadex 66). The sl ightly asymmetric peak 
(Fig. 16) represented the only u.v.-absorbing material eluted 
from this column and was cut into three fractions. SOS-PAGE 
analyses of fractions 16a, l6b and l6c (Plate 17) suggested 
that l6b was the most promising in terms of FcS~ yield and 
the absence of higher molecular weight material; its IE 
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Fig. 15: Elution pattern obtained on rechromatography of 111 mg 
or fraction 14a (normal FC5~) on a 2.5 x 90 em column of Sephadex 
G-200 (buffer, 0.05 M-Tris-0.5 ~1-NaC1, pH 8.0; f1owrate, 20 m1/h; 
5 m1 fractions). 
Plate 15 IE analysis of fractions l5a, 
15b and 15c (Fig. 15) against unadsorbed 
anti-lgM anti~erum. 
a b · c 
Plate 16 50S-PAGE (5.6% gel} analysis of 
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Fig. 16: Elution pattern obtained on rechromatography of 
52 mg fraction 15b (normal FC5~) on a 2.5 x 95 em column of 
Sepharose 6B (buffer, 0.01 M-Tris-4.0 M-GuHC1, pH 8.0; flow-
rate, 10 ml/h; 5 ml fractions). 
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a b c 
Plate 17 50S-PAGE (4 .0% gel) 
analysis of fractions l6a, l6b 
and l6c (Fig. 16, normal FC5~t) . 
( 
Plate 18 IE analys i s of fract ion 
16b against unadsorbed anti-lgM ant i -
se rum . 
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I.gM 
less clear that even though this fraction appeared to be FC5~ 
of acceptqble immunogenic purity, it was still rather heter~ 
ogeneous as far as molecular size was concerned. However, 
no purifiaation could be anticipated from the further appli-
cation of molecular exclusion chromatography techniques. 
3.4.4 Purification of normal Fab~ 
Porter (1959) made successful use of CM- and O~AE-~ellu­
lose chromatography for the separation of the Fab and Fc-
fragments of rabbit IgG. Although the IE and 50S-PAGE analy-
sis (Plates l3b and l4b) of the Fab~-fragment obtained after 
5ephadex G-IOO chromatography of a normal IgM diges~ (Fig. 14, 
fraction b) showed a high degree of purity, this material W<;lS 
subjected to OEAE-cellulose chromatography. The elution pat~~ 
ern in Fig. 17 showed two peaks (17a and 17c) with appreciable 
ta iIi ng of l7a. At the time the finding of two peaks rath~r 
than one was unexpected. The IE and 50S-PAGE analyses of 
fractions l7a, 17b and 17c clearly indicate that all three 
fractions consisted of Fab~ of about the, same molecular size 
(Plate 20), but having cathodal electrophoretic mobil ities 
which decreased from 17a to l7c (Plate 19). The charge 
difference of these f ractions was also borne out by subse-
quent amino acid analys is (Chapter 5) which showed a higher 
content of the negatively charged amino acids aspartic and 
glutamic acid for fraction 17c than for fraction 17a. 
The possibility that this result was due to a separation 
of Fd~K and Fd~A-species was ruled out by the qual itative 
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Fi~. 17: Elution pattern obtained on rechromatography of 
11 mg fraction 14b (normal P"ab\.l) on DEAE-ce11u10se. (Start-
ing buffer, 0.01 M-phosphate, pH 8.0; gradient to +0.5 M-NaC1; 
f1owrate, 40 m1/h; 5 ml fractions). 
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Plate 19 I IE analysis of fractions 
17a, 17b and 17c (Fig. 17) against 
unadsorbed anti-lgM antiserum. 
FabjJ.~ 
a b c 
Plate 20 SOS-PAGE (5.6% gel) 
analysis of fractions 17a, 17b 
and 17c (Fig . 17). 
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The origin of the c losely-spaced double bands found 
at the Fab position afte r 50S-PAGE analysis (Plate 20) is 
not known. Dav ie and Osterland (1968) have found that 
Waldenstr~m IgM's f rom di f fe rent patients may be sub-
div i ded into two classes, depending on the i r carbohydrate 
content . These autho rs have det~rmi"ed that carbohydrate 
residues are located on the Fc~, Fd~ and L-cha in peptides 
and have shm'Jn that t he ca rbohyd rate moiet i es of these 
peptides are all of highe r mo lecular weight in group 1 
than in group 1 1 I gM . The glycopeptide wi th the highest 
molecular weight is thought to originate f rom the Fc~-
f ragmen t. If sim i la r cons i derat ions apply to the mixed 
population of normal IgM's, i t is doubtful whether the rel-
atively small molecula r we i ght difference between th~ L-chain 
plus Fd~ carbohydrate mo iet ies of g roup 1 and group 11 IgM 
(calculated to be 562 da l tons i n the case of Wa ldenstrOm 
IgM's) would be suff i c ient to cause the observed double bands 
for Fab~. These bands a l so did not rep resent subclasses of 
IgM since ant i se ra made aga inst e i ther fract ion 17a o r 17c 
cross-reacted with equal f aci l i ty with the other f raction 
after adsorpt ion of ant i -L-cha in ant i bod ies . 
In view of the unusual banding patterns of fractions 17b 
and 17c, it was decided to concentrate on fraction 17a. As 
a final pur i ficat ion step, i t was subjected to molecular ex-
clusion chromatog raphy on Sephadex G-200 in the presence of 
guanid i ne hyd roch lo r ide . The middle po r tion of the only 
major peak (Fig. 18) was recove red for subsequent molecular 
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Fig. 18: Rechromatography of 42 mg fraction lJa (normal Fab).l) 
on a 2·5 x 90 cm column of Sephadex G-200 (buffer, 0.01 M-Tris-
4.0 M-GuHC1, pH 8.0; flowrate 5 ml/h; 5 ml fractions). 
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Plate 21 Ouchterlony double di ffusion 
analys ~s of f ract ions 17a, 17b and 17c 
(F ig. 17) against monospecific antisera 
to K (K) and A-chains (L) . 
Plate 22 SDS-PAGE CS .6% gel) analy-
s i s of fract ion 18a (Fig . 18) . 
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this fraction indicated that a high degree of purification 
had been achieved (Plate 22). 
The final yields of Fab~ and FC5~-fragments from normal 
IgM digests were variable and in general, rather low. The 
prime objective was, however, to obtain samples of sufficient 
purity for further cha racterization . 
3.4.5 Large scale trypsin digestion of IgM(Sad) and separ-
ation of its Fab~ and FC5~-fragments 
The elution curve shown in Fig . 19 was obtained upon 
Sephadex G-IOO chromatog raphy of a 2-h trypsin digest of 
IgM(Sad) in the presence of 0.5 M NaCl. Compared wi th 
Fig . 14 for normal IgH, IE and SDS-PAGE analysis showed that 
fractions 19a, 13b and 19c respectively contained FC5~' Fab~ 
and a homogeneous low mo lecula r weight pept i de (Plates 23 
and 24). The molecula r s i ze -heterogene i ty of the FC5~ 
fraction is espec i a lly noteworthy. The relatively large 
size of the sma ll pept ide-peak (fraction 19f) suggests ex-
tensive degradation of pa r t of the IgH(Sad) molecule by tryp-
I 
sin, in cont rast to the low y ield of such peptides reported 
by Plaut and Tomasi (1 970) on anothe r Waldenstrom IgH. 
3.4.6 Purificat ion of FcS~(Sad) 
The FC5~ fraction (Fig. 19a) obtained above was re-
chromatographed on Sepharose 68 (Fig . 20) which gave an 
elution profi Ie very s imi la r to that ob~erved for normal 
FC5~ under simi lar conditions of chromatography (Fig. 16). 
The same appl ies to the SDS-PAGE patterns (c . f. Plates 25 
and 17) and the IE analys is (c . f. Pla~es 26 and 18). These 










40 60 80 100 120 140 160 180 200 220 240 
Fraction Number 
Fig. 19: Chromatogram of tryptic digest of 1200 mg IgM(Sad) on a 10 x 95 cm 
column packed with Sephadex G-l00 (buffer, 0.05 M-Tris-0.5 M-NaCl, pH 8.0; 
flow rat e 200 m 1 / h ; 25m 1 f r act i on s) . 
260 280 300 
CP 
V1 
Pla:te 23 IE analysis of (from left to right) IgM(Sad) 
tryptic digest, fractions 19a, 19b and 19c (Fig. 19) 
against unadsorbed anti-lgM antiserum. 
(--- FablJ 
a b c 
Plate 24 50S-PAGE (5.6% gel) analysis of fractions 
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Fig. 20: Rechromatography of 80 mg fraction 19a (Fc5~Sad) 
on a 2.5 x 95 cm column packed with Sepharose 68 (buffer, 
0.01 M-Tris-4.0 M-GuHC1, pH 8.0; flowrate, 10 ml/h; 5 ml 
fractions) . 
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a b c 
Plate 25 50S-PAGE (4.0% gel) analysis of 
fractions 20a, 20b and 20c (Fig. 20). 
Plate 26 IE analysis of fraction 20b (Fig . 
20) against unadsorbed anti-lgM antiserum . 
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band (Plate 26) does not necessari ly imply size homogeneity 
(p 1 ate 25b). No furthe r purification of FC5v(Sad) was 
attempted . 
Of interest was the persistence of a small molecular 
~eight component (Plate 25a) with similar mobility in SDS~ 
PAGE as that observed ea rli er for fraction 19c (Plate 24c). 
No similar component was found in the digests of normal IgM. 
A comparison of this component (fraction 19c) by SDS~PAGE 
analysis with ~-chain, isolated from IgM(Sa~, revealed that 
it had a smaller molecula r we ight than light chain (Plate 27). 
Ouchterlony double diffus ion against monospecific anti-FQV 
gave no precipitin arc, but anti~Fc5v gave a positive result 
(Plate 28). Component 19c was therefore de ri ved from the 
Fc-region of the v-cha in of IgM(Sad). 
Comparison of the amino acid analyses of fraction 19c 
and purified Fcv(Sad) (Chapter 5) showed a poor correlation, 
especially with respect t o se r ine, glycine and half-cystine 
con ten ts. The concent rat ion of half-cystine, relative to 
leucine, for instance, was approximately five times greater 
in fraction 19c than i n Fcv(Sad) . ;Inspection of the primary 
st ructure of IgH(Ou) (Putnam et al., 1972), revealed th~t 
the N-terminal half of Fcv(Ou) was especially rich in half-
cyst ine residues involved in intra-chain, inter-chain and 
inter-subunit .di sulph i de I inkages (Fig,. 22, chapter 4). It 
is therefore quite plausible that fraction 19c represented 
the amino-terminal half of the Fcv-fragment of IgM(Sad). A 
simi lar fragment of IgG has been characterized (Turner and 
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Plate 27: 
5 is of: 
SDS-PAGE (5.6% gel analy-
(a) A-chain 
(b) mixture of fraction l~c 
and ), - cl:a i n 
(c) f rac t ion l]c (Fig. 19). 
Plate 28: Ouchterlony double diffus-
ion analysis of fraction 19c (bottom 
well); and pur i f ied IgM(Sad) against 
mon?speci f ic anti-Fc5~(Fc) and Fd~(Fd) 
antisera. 
3.4.7 Purification of Fab~(Sad) 
Rechromatography of Fab~(Sad) (fraction 19b) on OEAE-cellulose 
gave a single peak (Fig. 21) and the addition of 0.5 M-NaCl 
to the buffer at the position indicated (arrow) did not elute 
a second peak as was the case for normal Fab~ (Fig . 17). No 
purification was int roduced by t~is step, as judged by its 
IE and SOS-PAGE patte rns, which were i dent i cal to those in 
Plates 23c and 24b . 
An effort was made to establish the identity of the faint 
upper band (Plate 24b), suspected to be F(ab)2~(Sad), by com-
parative SOS-PAG~ analysis of the following preparations: 
F(ab)2~ obtained from a 37°C tryptic digest of 
IgM(Sad); fraction 21 (see above); Fab~ isolated 
from a 37°C t rypt i c di gest of IgM(Sad); reduced and 
alkylated IgM(Sad); and Fab~ isolated f rom IgM(Sad) 
after t ryps in digest ion at 560 fo r 0 . 5 h in the pres-
en ce of 1.0 M N aC 1 . 
The results of th is compa rative study a re shown in Plate 
29 and the IE analys is of the F(ab)2~(Sad) and Fab~(Sad)­
fragments obtained f rom a 37°C t rypt i c digest ion in Plate 30. 
The extrao rdinary dive rsity of the tryptic Fa~~(Sad)-
fragments in compar i son wi th those from normal IgM (Plate 14b) 
is evident. The t ri ple bands observed for F(ab)2~(Sad) pnd 
37°C-Fab~(Sad) (Plate 29a and c respect i vely) were not ideal 
for identificat ion pu rposes, but the exact coincidence in mob-
ility of the main F(ab)2~(Sad) band with the faint, upper band 
in fraction 21a (Plate 29b), was taken as sufficient evid-
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Fig. 21: Rechromatography of 
on DEAE-cellulose. (Starting 
8.0; gradient to +0.5 M-NaCl; 
ions) . 
50 mg Fab\..l(Sad) (fraction 19b) 
buffer, 0.01 M-phosphate, pH 
flowrate, 40 ml/h; 5ml fract-
92 
a b c d e 





(a) F(ab)2).l from 37°C trypsin digest of IgM(S~d); 
( b ) f r act I on 2 1 a 6 
(c) Fab).l from 37 C trypsin digest of IgM(Sad); 
(d) reduced and a1ky1ated IgM(Sad); 
(e) Fab).l from 56°C trypsin digest of IgM(Sad) 
(1.0 M NaC.1 - 0. 5 h). 
Plate 30 IE analysis of F(ab) ).l(a) and Fab).l(b) 
f rom a 37°C tryps in digest of I§M(Sad). Develop-
ed against unadso rbed ant i -lgM antiserum. 
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obtained from a NaCl II suppressedil high temperature digestioll 
of IgM(Sad) as F(ab)2~ and Fab~ (Plate 2ge). The presence 
of bands with the same mobil i ties as those of ~ and A-chain 
in some of these prepa rat ions (see for example Plate 29a, c 
and e) further served to strengthen the general impression 
gained from these exper iments, namely that it is risky, if 
not incorrect, to interp ret a single sharp precipitin band 
as a sufficient ind i cat ion of molecular homogeneity . 
3.5 DISCUSSION AND CONCLUSIONS 
The application of enzymic fragmentation methods has played a very 
significant role over the years i n the elucidation of the structure and 
properti~s of proteins. The work of Ryle et al. (1955) on insul in and 
Smyth, Moore and Stein (1963) on ri bonuclease are well-known examples 
as far as relatively small prote i ns are concerned. Investigation of 
high molecular we ight proteins, such as immunoglobul ins, . becomes a 
much more diff.icult problem howeve r . . The pioneering research of 
Po r ter (1959) on the enzym ic d igest ion of IgG i nto well-defined 
smaller fragments eventual ly made possible the elucidation of the full 
structure, with its biolog i cal impl ications. of this immunoglobulin of 
molecular weight ~ 150,000 (Edelman et al . , 1969). 
For a while, invest igat ions on the even larger IgM (molecular 
weight 8 x 105- 1 x 106) were held up, because the proven methods 
for the fragmentation of IgG did not give satisfactory results when 
applied to IgH. It was therefore a timeous discovery by Plaut anq 
Tomasi (1970) that trypsin digestion of IgM at high temperatures 
produced satisfactory yields of smaller fragments, especially the 
previous elusive pentame ri c FC5~. The availability of this fragment 
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has greatly facilitated the sequencing of Igt1(Ou) (Putnam et aI., 1972.), 
whi Ie the role of this part of the IgM molecule in biologically 
important processes, such as placental permeation and complement 
fixation, could now be invest igated. Plaut et a1. (1972) have, 
for example, already dete rmi ned that FC5~ will fix complement and 
that monomeric Fc~ retains th i s activity. · 
This high temperatu re t rypt i c digest i on was also found extremely 
useful in the present compa rati ve i nvest i gation of normal IgM isola~ed, 
from Cohn fraction I I I and t he monoclonal IgM from a m9croglobulin-
aem i c pa t i en t . This study has provided additional information about 
the gen~ral nature of the trypsin digestion process. In particulqr 
the heterogeneity in molecula r s i ze of the isolated fragments, even 
though they appear to be immunogenically pure, has been underlined. 
To the author1s know ledge, on ly one lite ratu re report (Mihaesco 
and Seligmann, 1968) refe rs to the mo l ecula r size heterogeneity of 
Fc~-f ragments produced by enzym i c digest ion . Thei r results were 
obta ined on the f ragmen t s of monoc lonal IgM, obtained by papain 
digestion in the presence of cyste ine . The polyd ispersity of the 
Fc~-fragments isolated by these authors could have been caused, however, 
by the reducing cond iti ons emp loyed . The FC5~-fragment obtained by 
Onoue et al . , (1968) was a lso i solated f rom the papain digest of a 
monoclonal Ig/1, but in the ir investigat ion, proteolysis was only 
init i ated after remova l of f ree cyste ine by Sephadex G-25 desalting of 
activated papa in. Al though product ion of FC5~-f ragment was low, a 
molecular weight of 320,000 and sed imentation coeff i cient of 10.6 were 
determined . This i s in good ag reement w i ~h the values reported by 
Plaut and Tomasi (1970) . 
In the present invest igat ion the hete rogeneity of the tryptio 
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fragments was readi ly demonstrated with the aid of SOS-PAGE. This 
technique introduced by Ma izel (1966), is a powerful analytical tool 
for the determinat ion of s i ze homogeneity and molecular weight (Ahmed-
Zadeh et al., 1971). In the f ield of immunochemistry Parkhouse et al. 
(1970), have employed SOS-PAGE to follow the r~duction and reoxidatiQn 
of mouse Igl~ and Zikan and Bennett (1971) investigated the oxidative 
sulphitolysis of human IgM. However, the usefulness of this technique 
as a test for the homogene i ty of the proteolytic fragments of IgM, has 
not previously been exploited. 
Although the Fab]rfragments from normal Igl~ and IgM(Sad) were ob-
tained in high purity, their FC5~-fragments were distressingly hetero-
geneous when analysed by means of SOS-PAGE. The purported homogeneity 
of IgM fragments produced by pepsin, papain and trypsin digestion · (see 
review by Metzger, 1970) may therefore be questionable. The fact that 
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criteria of purity, l i ke IE, Ouchte r lony double diffusion, column chroma-
tography and sed imentation analyses, were satisf ied (Hetzger, 1970), 
is, in the author's expe ri ence, a necessary but not a sufficient basis . 
for assuming molecula r size homogene i ty . 
The cause of the hete rogene i ty of both the normal IgM and IgM(Sad) 
FC5~-fragments remains t o be expla ined . One possibi lity is to post-
ulate the existence of more than one trypsin-sensitive arginine and 
lysine bond in the amino ac i d sequence of the hinge regions of the 
~-chains of IgM . Such a sequence has been determined for IgM(Ou) by 
Paul et al., (1971) and revea l ed the presence of two arginine and two 
lysine residues in th i s region (F ig.13). These authors have establ ish-
ed that trypsin cleavage at 600 C and 37°C occurs at arginine 214 and 239 
respect i ve I y. No sciss ion was obtained at lysine residues 254 or 257 . 
Since it is reasonable to assume that trypsin could either cleave at 
both arginine 214 and 239 o r at one site only (214) at high tempera~ 
tures, and since FC5~ consists of five linked Fc~-fragments, indiv-
idual IgM molecules could be cleaved differently to give rise to 
a pool of FC5~-fragments with molecular weights differing by as much 
as: 108 (mean residue weight) x 25 (amino acid residues) x 10 (hinge 
regions) ~ ~ 27,000 daltons . 
An alternative explanation for the molecular heterogeneity of 
normal FC5~ and FC5~{Sad) may be that the different bands detected 
by SOS-PAGE represent not only FC5~' but also lower oligomers with 
the general formula FC{~)n, where n<5. It is not clear how these 
lower oligomers would arise, but evidence in support of such a phen~ 
omenon can be derived from the finding th~t after reduction and alky· 
lation of a heterogeneous FC5~ preparation, only a single band of Fc~ 
was observed by SOS-PAGE (Chapter 4, Plates 32 and 35). In this re-
gard it is of interest that Putnam et al . (1972) mention that the FC5~ 
isolated from IgM(Ou) was chem ically homogeneous and therefore sus-
ceptible to sequencing, but that the Fab~-fragment was heterogeneous. 
The existence of ~-chain subc lasses (Franklin and Frangione, 1967; 
idem, 1968; Mackenzie et al . 1969) may in the case of normal IgM, 
contribute further to the heterogeneity of its proteolytic fragments. 
The suppressive effect of NaCI on the high temperature tryptic 
digestion of IgM appears to be a novel finding. Attention was first 
drawn to this effect when IgM(Sad) eluted from a molecular exclusion 
column (0.05 M-Tris-0.5 /1-NaCl buffer, pH 8 .0) was not dialysed 
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against 0.05 M-Tris-O.Ol M-CaCI2 buffer, pH 8.0 (Plaut and Tomasi, 1970) 
prior to tryptic digest ion . The only tentative explanation that could 
be offered is that the presence of NaCI 'Induced f t' I h a con ormalona ~ ange 
in IgM, which in turn resulted in protection of trypsih sensitive 
cleavage points. From an ORO study on the ability of various neutral 
salts to increase tre midpo int of the thermal transition temperature 
(Tm) of ribonuclease, von Hippel and Wong (1969) concluded that neut-
ral salts induce ~'high-salt" chain-chain interactions 'other than 
those characteristic for the nat ive molecule. If this postulate is 
extrapolated to the present observations on IgM susceptibility to tryp-
sin fragmentation, it may well be that IgM assumes a "high-salt" con-
formatlon of greater stab ili ty in the presence of NaCl . 
This chapter describes the tryptic fragmentation of normal IgM and 
IgM(Sad) and the isolation of their respective FC5~ and Fab~-fragments. 
Of these, both normal and monoclonal Fab~-fragments were, although 
immunogenically pure, still molecularly heterogeneous. An investi-
gat ion on the yields of various fractions obtained by column chroma-
tqgraphic separation of the tryptic digests of IgM(Sad), in the pres-
ence of different concentrations of NaCl, clearly ,showed the inhibit-
ory effect of NaCl on t rypt ic fragmentation . The origin and the mole-
cular heterogeneity of the FC5~-f ragments is discussed on the basis of 
the ava i lable amino ac i d sequence analysis of ~-cha i n . These normal 
IgM and IgM(Sad) fragments we re used fo r reduct ion and alkylat \on 
studies (Chapter ,4) and fo r phys i co-chem i cal analysi,s (Chapter 5) • 
• 
Chaeter 4 
THE PREPARATION OF THE REDUCED AND ALKYLATED COMPONENTS 
OF INTACT AND TRYPSIN-DIGESTED NORMAL AND MONOCLONAL IgM 
I ' 
4. 1 I NTRODUCT I ON 
IgM is a pentameric molecule consisting of five IgG-like monomers, 
called IgM-subunits (lgMs) ' These subunits (and therefore the intact 
molecule) contain a large number of cystine residues (approximately 
34/lgMs)' which are intimately involved in maintaining the quarter-
nary and tertiary structure of IgM. Dlsulphide bridges link the five 
19M-subunits together circularly and mild reduction of these bonds will 
invariably lead to depolymer ization of IgM. Stronger reducing con-
ditions, especially under dissociating conditions, will also break the 
inter-~-L-chain, intra-~ and intra-L-chain di~ulphide bonds and wi 11 
lead to complete · randomizat ion of the constituent polypeptide chains of 
IgM. It is also because of the cross-linking of ~-and L-chains by 
disulphide br idges, that fragments like F(ab)2~ and FC5~ may be obtain-
ed on proteolytic fragmentat ion of IgM. 
Since the first reduct ion and alkylation studies on IgM by Deutsch 
and Morton (1957), many deta i led investigations on the number of cys .. 
tine residues and the ir location in the ~ - and L-chains have been under-
taken (Miller and Metzger, 1965b,1966; Suzuki and Deutsch, 1967; 
Beale and Feinstein, 1969; Beale and Buttress, 1969; Mihaesco and 
Mihaesco, 1968). 
Putnam et al . • (1972), have publ fshed the detailed primary struct-
ure of the ~-chain of IgM(Ou) (F ig . 22). It may be seen that the most 
N-terminal of those cyst ine residues involved in inter-chain disulphide 
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bonds 1 ink the ~- and L-cha ins . Proceeding towards the carboxy-
term inal end, ~he next of these is responsible for intrasubunl~, 
int~r-~-chain linkage and i s also responsible for the integrity Qf 
F(ab)2~ proteolytic fragments . Then fo1 lows an intersubunit, inter-
~-chain disu1phide bond and the one occurring in the penultimate aminQ 
acid location is again involved in intrasubunit, inter-~-chain linkage. 
Inspection Qf a planar model of IgM like that of Dorrington and 
Mihaesco (1970), together wi th the knowledge of the position of the 
disu1phide bridges 1 inking the IgG-type subunits, suggests con$ider-
able strain on these covalent bonds (Fig. 7). 5~ch ~ conclusion is 
100 
contra-indicated however, by the observed highly specific reaggregation 
of subunits during reoxidation of reduced IgM and the resultant low 
levels of molecules comprised of more or less than five subunits (Park~ 
house et a1., 1970) . 
The important role of cyst ine residues in the assembly of penta-
meric IgM has also been shown in an interesting study by Askonas and 
Pa rkhouse (1971) . They found that .new1y biosynthesized, intracellular 
IgM exists in 7-5 form and that no spo~taneous polymerization to the 
19-5 species occurred unless it was first subjected to reducing con-
dit ions. This suggests the existence of protected thio1 groups in 
tne monomer and it was postulated that the removal of such blocking 
groups takes place shortly before or during secretion of intracellular 
I g11. 
Although plasma Ig/1 occurs predominantly as a pentamerlc macro-
globulin in man, the presence of a natural 7-5 form of this molecule 
has been detected in certain states of disease (Rothfie1d et a1., 
1965; 5tobo and Tomasi, 1967; Bush et a1., 1969). Experimental evi~ 
dence that this form of IgM is structurally different from IgMs ' has 
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been found by Dolder, (1971) and Hansson and Nilsson (1972). Dolder 
has shown that normally occurring 7-S tgM has only one cystine resid~e 
avai lable for ~-~ interchain bonding in contrast to three in the case 
of normal pentameric IgM (Metzger, 1970). The natural occurrence of 
7-S IgM in sharks has also been well documented. This form of IgM 
accounts for 60% of the shark's total immunoglobulin concentration, 
with the remaining 40% consisting of 19-5 IgM (Small et al., 1970). 
These two forms of IgM are not interconvertible (in vivo) and the 7-S 
form is thought to play the role of the IgG class of antibody founq in 
higher animals. The question, of course, arises why IgG evolved when 
IgM in 7-5 form can fulfi 11 the same function equally well. 
An anomaly in IgM nomenclature should be clarified at this stage. 
Reference to the polymeric Fc-fragment of IgM as pentameric Fc~ (Plaut 
and Tomasi, 1370) may cause confusion as this fragment consists of ten 
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covalently linked carboxy-terminal ~-chain fragments. It should there~ 
fore rather be called decame r ic Fc~ (see for instance Putnam et al., 
1972). By inference the reductive subunits of FC5~ should be called 
monomeric Fc~ where in fact i t consists of two equal Fc~ peptides. 
The author wi 11 refer to polymeric Fc~ as FC5~ (Plaut and Tomasi, 1970) 
and to the subunits obtained after reduction and alkylation as Fc~ 
(non-dissociating conditions) and monomeric Fc~ (dissociating conditions). 
This chapter describes the purification of IgM subunits (lgMs)' 
~~chain, L-chain and monomeric Fc~ from both normal IgM and IgM(Sad). 
All these compounds were obtained by reduction and alkylation of the 
appropriate precursors. 
4.2 MATERIALS 
Normal IgM, IgM(Sad) and their respective FC5~ and Fab~ fragments 
were isolated as described in chapters 2 and 3. 
Dithiothreitol (DTT) was a product of Seigaku Fine Biochemicals, 
Tokyo, Japan, and iodoacetamide (IA) was purchased from Sigma Chemical 
Company, Missouri, U.S . A. 
4.3 METHODS 
4.3.1 Immunological methods 
Ouchterlony double diffusion and immunoelectrophoresis 
were carried out as previously described (Chapter 2). 
4.3.2 Analytical ultracentrifugation 
Sedimentation was done on a Beckman 110del E analytical 
ultracentrifuge (Beckman Instruments, Palo Alto, California, 
U.S.A.) equipped with a schl ieren light source, electronic 
speed control and automatic rotor temperature indicator and 
control system (RTIC). Protein samples at approximately 
1% (w/v) concentration dissolved in 0.05 M-Tris-0.5 11-NaCl 
buffer, pH 8.0, were centrifuged (20oC) in a single sector 
aluminium centre-piece using sapphire windows and the An-D 
rotor. 
4.3.3 Quantitation of bands separated by SDS-PAGE 
The composition in terms of ~- and L-ch~in of reduced 
and alkylated IgM(Sad) was determined by scanning of the 
polyacrylamide gel cyl inder shown in Plate 37b (Chromoscan, 
Joyce-Loeb 1 , Gateshead, England)~ The percentage compos-
ition of the two chains obtained after reduction and alky-
lation of normal Fab~ (Plate 41c) was determined simi larly. 
Quantitation of the areas under peaks was effected by allow-
ing the instrument to integrate these curves automatically 
on a repeat scan. 
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4.3.4 Reduction and alkylation of normal IgM, IgM(Sad) 
and their respective tryptic fragments 
Samples for chromatography or SDS-PAGE analysis were 
dissolved in 0.05 M-Tr is-0 . 5 M-NaCl buffer, pH 8.0, and 
reduced for 1 h at 37°C in the presence of 0.01 H-DTT. 
After rapidly cooling the reaction mixture tQ 4°C, reduction 
was ~topped by alkylation of thiol groups. This was done 
by additiqn of crystall ine iodoacetamide to a 10% molar 
excess over avai lable reducing agent (thiol groups) and 
maintain~ng the pH at 8.0 for 0.5 h. The same proced-
ures were applied to samples dissolved in dissociating 
media (0.01 H-Tris-4 . 0 M-GuHCl buffer, pH 8.0). 
4.3.5 Purification of reduced and alkylated components 
by molecular exclusion chromatography 
Reduced and alkylated normal FC5~ and FC5~(Sad) were 
purified by chromatography on Sephadex G-IOO (superfine) 
with 0.05 H-Tris-0.5 H-NaCl buffer, pH B.D. 
Monomeric Fc~ as well as the H- and L-chains of normal 
IgM and IgM(Sad) were isolated on Sephadex G-200 columns 
in the dissociating medium 0.01 M-Tris-4 . 0 M-GuHCl buffer, 
pH B. D. 
The reduced and alkylated 7-S components of normal IgM 
and IgM(Sad) were also pu ri f ied on Sephadex G-200, but the 
eluting buffer (0.05 M-Tr is-0.5 M~JaCl, pH 8.0) did not 
contain any GuHC1. 
4.4 RESULTS 
4.4 . 1 Purificat ion of no rmal Fc~ 
Chromatography of reduced and alkylated normal FC5~ 
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yielded a single major peak (Fig.23, fraction a) which was 
found to be almost pure Fc~ by SOS-PAGE analysis (Plate 3la). 
The SOS-PAGE analys i s of fract ion 23b (Plate 3lb) y ielded 
the rather perplexing result that th i s fraction, although 
' . 
eluting as a smalle r molecular weight molecule than fract-
ion 23a, had exactly the same electrophoretic mobility as 
the latter under the d issoc i ating conditions of SOS-PAGE. 
Further pu rifi cat ion of normal Fc~ was achieved by 
chromatography on Sephadex G-200 in the presence of GuHCI 
(Fig. 24). The SOS-PAGE analysis of the rather broad 
fraction 24a showed that i t consisted of a mixture of com-
ponents of higher molecular weight than the pure normal Fc~, 
obtained in fraction 24b (Plate 32). IE analysis (Plate 33) 
of purified normal Fc~ and its pentameric precursor, FcS~' 
i ndicated little e lectropho ret i c di fference between these 
two proteins, but a diffe rence in diffus ion coeff i c ients 
was obvious from their pos i t ions relative to the ant i serum 
trough . 
4 . 4.2 Purification of Fc~(Sad) 
Unlike reduced and alkylated normal FC5~' the chroma-
tog ram obtained fo r re duced and alkylated FCS~(Sad) (Fig. 
2S) showed the presence of two majo r peaks. SOS-PAGE anal-
ysis of fractions 25a, 25b and 25c (Plate 34) however showed 
• the second fraction (25b) to conta in the majo r Fc~(Sad) com-
ponent ~nd IE analysis of fraction 25b as well as of its pre-
cursors before and afte r reduct ion and alkylation is shown 
in Plate 35. Fract ions 25a and 25c produced no precipitin 
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Fig. 23: Elution pattern after chromatography of reduced 
and alkylated normal FC5~ (30 mg fraction 16b) on Sephadex 
G-IOO superfine (column, 2 x 85 cm; buffer, 0.05 H-Tris-0.5 
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Fig. 24: Elution pattern after rechromatography of reduced 
and alkylated normal Fc~ (21 mg of fraction 23a) on Sephadex 
G-200 (column, 2.5 x 90 cm; buffer, 0.01 M-Tris-4.0 M-GuHC1, 
pH 8.0; flowrate 7.5 ml/h; 5 ml fractions). 
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a b c d 
Plate 31 SOS-PAGE (5.6% gel) analysis of (from left 
to right) fractions 23a, 23b, reduced and alkylated 
normal FC5~ and normal FC5~ (4.0% gel). 
a b 
Plate 32 SOS-PAGE(5.6% gel) analysis of fract-
ions 24a and 24b. 
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Plate J3 IE analysis of (a) normal 
FC5~· and (b) fraction 24b against un-
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Fig. 25: Elution pattern after chromatography of reduced 
and alkylated FC5~(Sad) (42 mg fraction 20b) on Sephadex 
G-l00 superfine \column, 2.5 x 90 em; buffer, 0.05 M-Tris-
0.5 M-NaCl, pH 8.0; flowrate 15 ml/h; 5 ml fractions). 
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a b c d e 
~Fc5~(Sad) 
~Fc~(Sad) 
Plate 34 SDS-PAGE (5.6% gel) analysis of (from left to r ight ) 
fractions 25a, 25b, 25c and FC5~(Sad) after and before r~duct­
ion and alkylation (4 . 0% gel). 
Plate 35 IE analysis of (from left to right) FC5~(Sad) 
before (a) and after (b) reduction and alkylat ion and of 
fraction 25b against unadsorbed anti-lgM ant iserum . 
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fraction 25b could be i dent i fied as monomeric Fc~(Sad) 
and because of its good quality (Plate 34b) , no fu rther 
purification was necessa ry. 
4.4.3 Preparat ion of reduced and alkylated heavy and 
light-chains of no rmal IgM 
Pu r ifi~d normal Igt~ dissolved in GuHCl b4ffer to bring 
about the complete unfolding of its pept ide chains and th~ 
concomitant exposu re of all cyst ine bonds gave, after redvct-
ion and alkylation, the separation of ~- and L-chains shown in 
Fi g . . 26. SOS .,. PAGE analysis showed that the mobilities of 
fractions 26a and 26b a re compatible with those expected 
for the component ~- and L-chains of IgM (Plate 36). 
4. 4. 4 Preparation of heavy and light-chains of IgM(Sad) 
Reduction and alky lat ion of IgM(Sad) and separation 
of its constituent ~- and A-cha ins was achieved as described 
. ' 
above (section 4. 4. 3) and yie lded the chromatogram shown in 
Fi g. 27. Plate 37 dep icts the SOS-PAGE analysis of fract-
ions 27a and 27b and of reduced and a lkylated IgM(Sad). 
Rech romatography of fract ions 26a and 27a on the same 
column yielded high ly pu ri f ied ~-chain preparations . (Plate 
38) . 
4. 4. 5 Purificat ion of no rmal IgMs and IgMs(Sad) 
The Sephadex G-200 ch romatograms of normal IgM and 
IgM(Sad) reduced and alkylated under non-dissociating con-
ditions are shown in Fig . 28 . The nature of the minor 
peaks shown in Fig. 28 is unknown, but they yielded poor 
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Fig. 26: Elution pattern after chromatography of reduced 
9nd alkylated normal IgM (61 mg) on Sephadex G-200 (column; 
2·5 x 92 cm; buffer, 0.01 M-Tris-4.0 M-GuHC1, pH 8.0; flow-
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Fig_ 27: Elution pattern after chromatography of reduced 
and alkylated IgM(Sad) (100 mg) on Sephadex G-200 (column, 
2.5 x 92 cm; buffer, 0.01 M-Tris-4.0 M-GuHC1, pH 8.0; 
flowrate, 7.5 ml/h; 5 ml fractions)_ 
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a b c 
~~-cha i n 
~L-chain 
Plate 36 SDS-PAGE (5.6% gel) analysis of (a) 
fraction 26a, (b) reduced and alkylated no rmal 
IgM, (c) fraction 26b. 
a b c 
~~-cha i n 
~A-cha i n 
Plate 37 SOS-PAGE (5 . 6% gel) analysis of Ca) 
fraction 27a , (b) reduced and alkylated IgM(Sad) , 
(c) fraction 27b. 
11 5 
a b 
Plate 38 50S-PAGE (5.6% gel) analysis of 
(a) rechromatographed fraction 26a and (b} 
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Fig. 28: Elution pattern after chromatography of reduced 
and alkylated normal IgM (100 mg, ) and reduced and 
alkylated IgM(Sad) (100 mg, ..... ) on Sephadex G-200 (column, 
2.5 x 92 cm; buffer, 0.05 M-Tris-0.5 M-NaCl, pH 8.0; flow-
rate, 10 ml/h; 5 ml fractions). 
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Plate 39 Sedimentation analysis of (A) reduced and alkylated 
IgM('Sad) and (8) reduced and alkylated normal' IgM. Photo-
graphs 'were taken 30 min (A) and 24 min (8) after reachi~g 
56,000 r.p.m. Sedimentation is from left to right. 
Plate 40 IE analysis of (a) IgM (Sad), (b) IgM(Sad), (c) 
normal igM and (d) normal IgM agafnst unadsorbed anti-lgM . s antiserum. 
P8 
anti-lgM antiserum (not shown). Sedimentation analysis 
of the respective 7-S subunits (lgMs ) showed asymmetrical 
sedimentation peaks for both these components (Plate 39). 
IE comparison of normal IgMs and IgHs(Sad) and their res-
pective 19~5 precursors is shown in Plate 40 and clearly 
illustrates the high~r diffusion coefficients of the 
smaller IgM species. 
4.4.6 SOS-PAGE analysis of reduced and alkyla~ed normal 
Fab~ and Fab~(Sad) 
The SOS-PAGE analysis of reduced and alkylated normal 
Fab~, Fab~(Sad) and A-chain isolated from IgM(Sad) is shown 
in Plate 41. The interesting observation that reduced 
and alkylated normal Fab~ yielded double bands (Plate 41c) 
is discussed later. 
4.4.7 Quantitation of bands resolved by S~S-PAGE 
The high background caused by mUltiple minor bands 
in the SOS-PAGE analysis shown in Plate 3Gb, made it im-
possible to estimate the ~- and L-chain composition of 
normal IgM by densitometric scans of this gel. Scanning 
of the SOS-PAGE gels of reduced and alkylated IgM(Sad) 
(Plate 37b) yielded the results shown in Table 2. 
Quantitation in similar manner of the two bands ob~ 
tained on reduction and alkylation of normal Fab~ (Plate 
41c) yielded percentages of 69 and 31 for the upper and 
lower bands respect ively. 
119 
a b c 
~A-cha i n 
~Fd~ 
Plate 41 SOS-PAGE (5.6% gel) analysis of (a) re-
duced and alkylated Fab~(Sad) (fraction 2la), (b) 
A-chain and (c) reduced and alkylated normal Fab~ 
(f r act i on 1 7 a) . 
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Table 2 The ll- and A- cha in compos i t ion of IgM(Sad) calculated 
f rom dens i tomet r ic scans of SOS-PAGE gels of a reduced and alky-
lated prepa rat ion : 
·Theoret ical 
bas i sa) Obse rved % % compos i tion (we ight 
Cha in lOll + 10Ab l Oll + 15Ac 
ll-chain 68 72 . S 63 . 7 
A-cha in 32 27 . S 36 . 3 
.a: Calculated from the molecu la r we i ght values determined 
fo r IgH(Sad) ll - and A -cha i n (Chapte r 5) . 
b: 10J,l + lOA-chain model proposed 
(196Sb) . 
by Mi ller and Met;zger 
c: 1 0J,l + 151.. - ch a i n mode l proposed by Suzuk i and Deutsch 
(1967) . 
4. 5 DISCUSS ION 
The fact that norma l FC5J,l y ie l ded a s i ngle majo r component after 
reduct ion and a lkyla t ion (Pla t e 31c) cou ld poss ibly ind icate that the 
mu l t i ple bands shown by SDS-PAGE of the pa ren t t ryps in f ragment (Plate 
3ld) represented FcJ,l o l igomer s such as FcSJ,l , FC4J,l , Fc
3
J,l , etc. It is 
not c lear how such o li gome rs cou l d a ri se f rom the intact pentameric IgM 
mo l ecule under non- reduc ing d igest ion cond i tions, un less trypsin cleav-
age s i tes ex ist on e i the r s ide of the cystine res idues i nvo lved in inter-
subun i t li nkage . Inspect ion of the amino ac i d sequence of the J,l-chain 
of IgH(Ou ) (Putnam et aI. , 1972 ) reveals that t hi s i s feas ible. In the 
case of th is J,l-chain, t ryps in c leavage occu rs 8 and 9 residues removed 
on e i the r s i de of the spec if i c cyst ine residue (posit ion not yet accur-
ately dete rmined) invo lved in inte rsubun i t li nkage (Fig. 22) . A loss 
of two or mo re of these octadeca-pept ides conta in ing the cyst ine residue 
vi ta l fo r the pentame r ic FcSJ,l st ructure wil l lead to FcJ,l fragments of 
lower molecular weight. 
The almost identical SOS-PAGE patterns of chromatographic fract-
ions 23a and 23b indicated that some degree of dissociation of Fc~, 
which normally exists as a dimer under non-dissociating conditions, 
occurred during column chromatog,raphy. The presence of vague double 
bands observed after gel chromatography and SOS-PAGE analysis of mono-
meric normal Fc~ (Plate 3la) was reminiscent of similar doublets given 
by normal Fab~ after ion exchange chromatography (Plate 20). t~ i nor 
components were successfully removed from normal monomeric Fc~ by re-
chromatography under dissociating conditions (Plates 32 and 33). 
The molecular heterogeneity of FcS~(Sad) (Plate 34e) was similar 
to that observed for normal FcS~' The postulate of trypsin "scooping 
out ll that area of the ~-chain containing the intersubunit disulphide 
bridge, is perhaps even more applicable in the case of IgM(Sad) , since 
a small peptide, fraction 19c, could be isolated from the digest (cf. 
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Chapter 3). This peptide was identified as a subfragment of Fc~(Sad), 
most probably constituting the t~-terminal portion of the molecule (Chap-
te r 3). The observation of similar small fragments after reduction anq 
alkylation of FCS].l(Sad) (Plate 34a and 34c) is also in agreement with 
such an explanation. 
The homogeneity of monomeric FC].l(Sad) after one chromatography run 
(Plate 34b) made further purification unnecessary. 
Separation of the ].l- and L-chains of normal IgH and IgM(Sad) was 
achieved in the presence of 4 M-GuHCl (Lamm et al., 1966). The choice 
of this dissociating agent, rather than the more popular propionic or 
acetic acids, was decided on, because of the poor chromatographic reso-
lution given by the latter two for y- and L-chain. 
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The large number of mi no r bands, i n add i t ion to the two major ~­
and L-chain bands, shown by SOS-PAGE analysis of reduced and alkylat~d 
normal IgM (Plate 36b), is i n sha rp contrast to the clear resolution 
into ~- and L-chain only, in the case of reduced and alkylated IgM(Sad) 
(P 1 ate 37b). The presence of the mi nor components in the case of nor-
mal IgM could perhaps be asc r ibed to l imited proteolysis of normal IgM 
by the protease plasm in, which might have occu r red during the isolation 
procedure. This enzyme i s known to be concentrated in Cohn fraction II I 
(Sgouris et al., 1960) . Rech romatography of the respective ~-chains ·on 
i 
the s~me media, yielded material of high purity (Plate 38). 
When non-dissociating solvents were employed during the red~ction 
and alkylation of normal IgM and IgtHSad) to obtain their respective 
monomers, chromatog raphy yielded two peaks in each case (Fig.28). No 
precipitin lines were obta ined on IE analysis of the material in either 
of the two minor componen t s e l uted f i rst. The only difference seen in 
the IE patterns of the two major f ract ions (normal IgMs and IgMs(Sad)) 
and their respect i ve precu rso rs was that the cu rvature and relative 
di stance of the precip i t i n l ines f rom the antise rum troughs varied 
(p I ate 40). Sedimentat ion analys i s (Plate 39) of these 7-S monomers 
showed a larger . trail i ng edge fo r normal IgMs than fo r Igt1s (Sad). The 
nature of the slower sediment i ng material shown in Plate 39 is unknown, 
but could be due to L-cha in (Suzuk i and Deutsch, 1967) . 
The reduction and alkylat ion products of Fab~(Sad) a re A-chain and 
Fd~ and could not be separated by 50S-PAGE because of their very similar 
molecular weights (Plate 4Ia) . The molecular weights of intact Fab~(Sad) 
was determined to be 47,300 da l tons (Chapter 5) and that of A-chain is 
known to be 23,400 daltons (Putnam, 1967) . The differ~nce between these 
two molecular weights, 23,900 daltons, i s that of the Fd~-piece. 
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The SOS-PAGE analysis of reduced and alkylated normal Fab~ (Plate 
4Ic), however, showed two bands. The uppermost of these could be lden-
tified as L~chain by comparison of its electrophoret ic mobility with that 
of purified A-chain (Plate 41b) . The Fd~-piece of normal Fab~, or per-
haps only part thereof, therefore appeared to be of smaller ,molecular 
weight than its accompanying L-cha in. Scanning of the poly~crylamide 
gel cylinder shown in Plate 41c, yi e l ded a ratio of 69 : 31 for the 
upper and lower bands respectively. This could only mean that the up-
per band copsisted of both L-chain and an Fd~-piece of bigger molecular 
weight .than that found in t~e lower band, This observation may als9 
explain the occurrence of double bands found in the SDS-PAGE analysis 
of normal Fab~ shown in Plate 20 . 
Metzger (1970) states that he has never observed values higher than 
27% for the L-chain content of IgH. The author's value of 32% for 
IgtHSad) CTable 2) is therefo re rather high. This value is however the 
same as that found by Suzuki and Deutsch (1967) who originally proposed 
a 10~ + l5L-chain model for IgH. There is no reason to doubt the accur-
acy of the percentage yields determined for ~- and A-chain (Table 2), but 
factors like the possible differential staining of these two peptides 
or their different carbohydrate contents mpy give rise to biased esti-
mates. The percentage composition of A-chain (32%), determined by sean-
ing, correlates poorly with that calculated fora 10~ + 15A-eh.aln mpdel 
(36.3%) from molecular we ight data (Table 2). Nevertheless, this mod~l 
was t~e only one to' satisfy the molecular weight of 970,000 daltons 
determi ned for IgtHSad) (Chapter. 5). 
The main objective of the work reported in this chapter, n~mely tne 
preparation of H-chains~ 7-5 reductive subunits and monomeric Fc~ fragments 
from normal IgM and IgMC5ad), was achieved. Whi]e ·analysis of reduced 
and alkyl~ted normal Fab~ revealed the presence of distinct double 
bands in the SOS-PAGE pattern, only a single major band was obtained 
from reduced and alkylated normal FC5~ and FC5~(Sad) and this finding 
is discussed on the basis of the amino acid sequence of a monoclonal 
IgM. Investigation of the ~- and A-chain composition of IgM(Sad) did 





PHYSICO-CHEMICAL CHARACTERISATION OF NORMAL IgM, 
IgM(Sad) AND THEIR DERIVATIVES 
5. 1 IIHRODUCT I ON 
The structure and conformat ion of a protein determine to a large 
extent its biological function, and hence structural and conformational 
studies are of vital importance. These may be conducted at various 
levels since proteins may be described with reference to their primary, 
secondary, tertiary or quaternary structures. 
The primary structure entails the amino acid sequence of the poly-
peptide chains comprising the protein and becomes important in genetic 
studies and in determining such parameters as the positions of disulph-
ide bonds . However, Metzger, (1970) states that lithe amino acid com-
position of IgM is unremarkable when compa red to othe r immunoglobul ins 
and i t is c lear from several detailed amino ac id compos-
itions (Suzuki and Deutsch, 1967; Putnam et a l . , 1967) that such data 
cannot be used to build molecula r models - i.e. any number of 1 ight 
and/or heavy chains of any assumed size would gi ve substantially the 
same compos it i on fo r I gM. II Bearing th i s in mind, therefore, in this 
investigation amino acid analys i s was used only to detect differences 
in the amino acid content of related fractions with dissimilar electro-
phoretic mobilities, or alternatively to obtain evidence regarding the 
origin of fragments. 
Tertiary and quaterna ry characteristics of proteins are reflected 
in their physical prope r ties and the ultracentrifuge, described by Bull 
(1941) in the very first art i cle to appear in Advances in Enzymology as 
lithe most important tool eve r dev i sed for the physical study of proteins," 
has been used extensive ly for this purpose in the dive rgent ~ubdisci­
plines of Biochemistry. 
The ultracent r ifuge has played a vital role in the characterisa-
tion and eluc i dation of the st ructure of the immunoglobulins. Exam-
ination of purif ied IgM in t he analyt ical ult racentr i fuge usually re-
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veals three or more well separated sedimentat ion peaks. The major com-
ponent sed iment ing at 18-19S (although a range of 14.2S to 22 . 2S has 
been found) is often preceded by larger IgM species with sedimentation 
coefficients of 29S, 38S and higher (Deutsch and Morton, 1958; Muller-
Eberhard and Kunkel, 1959). Such spec ies with sed imentation coeffic-
ients greater than 19S cannot be asc ri bed to artefacts introduced by the 
i solation procedure, because these molecules may also be detected in nor-
mal and macroglobul inaem ic sera , Although it has been shown that these 
Igt1 species (S>35) bind complement (Cl q) wi th greqter av idi ty than those 
with a lower sed imentat ion coeffic ient (Augener et a l. , 1971), i t i s st ill 
not clear whether agg regated IgM has a spec ialised biolog i ca l function. 
The range of sed imen t at ion coeff ic ients found fo r the major compon-
ent of IgM has also been bo rne out i n molecula r weight dete rminations. 
Molecular we ight values of 620,000 to 1, 180,000 da ltons have been reported 
for di fferent Wa l denst r~m IgM's (Fillitt i -Wu rmse r and Ha r tmann, 1968), but 
it i s today accepted that 850,000-900,000 da ltons is a more real ist ic 
range (Metzger, 1970). 
Ultracentrifugal stud ies a l so l ed to the presen t mode l fo r IgM. 
Fo ll owing the early obse rva ti on by Deutsch and Mo r ton (1957) on the dis-
sociat ing effect of reduct ion of IgM, seve ra l i nvest iga t o rs prepared sub-
units in wh ich the cons ti tuent po lypept ide cha ins rema ined linked by di-
sulph ide br idges (Miller and Metzger, 1965b; Mo rri s and Inman, 1968) and 
molecu la r we ight dete rmi na ti ons suggested t hat the 19S IgM spec ies con-
sisted of 5 of these subun its whi ch a re covalen tl y l inked . 
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Proteo lyt i c f ragmen t s we re a l so i nvest igated and conf i rmed the pro-
posed st ructu re fo r IgM . Metzge r (1 970) has repo r ted a va r iat ion in the 
molecular weights fo r t ryp ti c Fab~ and F(ab ) 2~ f ragments, possibly due to 
the va ri ability in the po int of ~ -cha i n sciss ion, but ave rage values of 
45,000 daltons fo r Fab~ and 11 8,000 da ltons fo r F(ab)2~ may be accepted . 
Plaut and Tomasi (1970) pu ri f ied FC5~;..f ragments f rom high temperature 
trypsin digests and found mo l ecu la r we ight va l ues of 340,000 daltons for 
the intact fragment and 67,000 da l tons for Fc~ fragments obtained after 
reduction of FC5~ ' Calculat ion of the mo l ecula r we ight of an intact 
molecule from data obta ined fo r t he proteo ly t i c fragments, supports the 
not ion that 5 subun i ts a re cova lently li nked t o fo rm the in t act Walden-
st rom IgM . 
The phys ico- chem ica l cha racte ri sat ion of immunoglobul i ns by means 
of mo lecular we ight dete rmi na ti ons, howeve r , y ie lds on l y 1 imi ted i nfo rm-
ation about the con fo rma ti on of these mo l ecu les and recou rse must be had 
to other techniques i f a mo re comp lete pic t ure i s des ired . Thus elegant 
ult rastructural studies ha ve been unde rtaken wi th t he e lect ron mic roscope 
on normal human and rabb i t as we ll as Wa l denst rom IgM prepa rat ions (Svehag 
et al., 1967a; 1967b; Cheseb ro et a l o, 1968) and on a mouse myeloma 
I gM (Pa rkhouse et a 1 . , 1970 ) . These elect ron mi c rog raphs showed that the 
o 
d iameter of the intact IgM mo lecule i s approx imate l y 330-350 A and that 
f h . f 0 o t e pentamerlc FC5~- ragment about 105 A (Pa rkhouse et a I " 1970) . 
In the detailed elect ron mic rog raphs of Pa rkhouse e t a l. ( 1970), the di -
meric ult rast ructu re of the F(ab)2 pa rt of mouse IgM i s c l ea r ly visible 
and the flexibil i ty of the a rea where they jo i n (h i nge reg ion) i s well 
illustrated by the observat ion of "b racket- l ike" structu res when IgM 
attaches itself to antigen (Fe inste in and Munn, 1969). 
Although the only absolute techn ique for conformat ional analysis 
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is X-ray crystallography, the lack of suitab l e crystalline material has, 
until recently, prevented i ts application to the immunoglobul i ns or the i r 
fragments. Such studies have now, however, been ca r ried out on IgG 
(Sarma et al., 1971; Edmundson et al., 1970), isolated L-chains (Schiff-
er et al., 1969) and on Fab, Fc and VL fragments (Solomon et al., 1970). 
The X-ray diffraction pattern of. a human myeloma Fab1y fragment (Poljak 
et al., 1972) has provided very good ev i dence i n support of the exist-
ence of compact domains in IgG, as deduced earl ier (Edelman et al., 1969) 
from amino acid sequence analysis. However, the resolution attained 
in current X-ray crystallograph ic stud ies on the immunoglobulins is still 
too low to furnish a detailed pictu re, albe i t a stat i c one, of the i r 
conformation. 
Further valuable informat ion rega rd ing the confo rmation of the 
immunoglobul i ns in solution may be ga ined, however, from optical rotatory 
dispersion (ORO) and ci rcula r dichro i sm (CD) spec tra . Both CD and ORO 
depend on the presence of elements of asymmet ry i n the molecular struct-
ure, but CD yields simp le r and more accurate ly inte rpretable results as 
the CD ell ipticity bands a re mo re di sc reet and usually appear on a back-
ground of zero ell iptic i ty. Fur thermo re, the inf l uence of chromophores 
at wavelengths far removed f rom the wavelength region under study is negll-
gible in the case of CD spect ra . In the present study therefore, only 
the CD spectra of the various IgM entit ies were determ ined for comparative 
purposes. 
In this chapter are desc ri bed some of the phys ico-chemical character-
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istics of normal IgH and IgM{Sad). In order to obta in information from 
analytical ultracentr i fugat ion exper iments, i t i s preferable to use mono-
disperse (i.e. homogeneous) prot e in prepa rations . The relevant puri-
f ication procedures appl i ed to the di fferent f ragments and pep ti des of 
normal Igl1 and IgM{Sad) have been described in chapters 3 and 4. The 
molecular weights and sedimentat ion coefficients of normal IgH, IgM{Sad) 
and some of these subf ragments and polypept ide cha ins have been determined 
and compared with each othe r and those in the l i te ratu re . Interesting 
differences between the CD spect ra of no rmal Fab~ and Fab~{Sad) fragments, 
as well as IgM{Sad) before and after denatu rat ion by GuHCl were also 
observed. The small f ragment found in trypsin digests of IgM{Sad) 
(fract ion 19c) had a CD spect rum wh i ch di ffered completely from those 
of the other IgM der ivat ives and suggested that i t ex ists as a randomly 
co i led molecule . These resu l ts are also compa red wi th those in the 
1 iteratu re. It i s concluded that t he pentame ri c st ruc t ure proposed for 
a Waldenst r6m IgM (M i l l e r and Metzge r , 1965b) , i s also va li d for normal 
IgM i solated from Cohn f rac ti on I I I . 
5. 2 MATER IALS 
Normal IgM, IgM(Sad) and the ir t rypt i c and reduced and alkylated 
fragmerits were purif ied as desc ri bed in chapte rs 2 , 3 and 4. Pr io r to 
molecular weight determ i nat ions, no rma l IgM and IgM (Sad) were rech roma-
tographed in 4M-GuHCl on Sepha rose 6B . 
Ultrapu re GuHCl wi th an abso rbance of less than 0 . 03 at 280 nm for 
a 6M solution, was pu rchased from Swa r tz-Mann, Orangebu rg, New Yo rk, 
U. S. A. 
5. 3 METHODS 
5.3.1 Amino acid ana lysis 
Duplicate samples (2 - 3 mg) of freeze-dried material were 
hydrolysed in vacuo for 24 h at 1l00C with excess 6 N Hel and 
subsequently prepared for amino acid analysis on a Beckman Model 
120 B automatic amino acid analyzer according to the methods 
of Spackman et al. (1958) . 
5.3.2 Determination of ?edimentation coefficients 
Analytical ultracentrifugation was performed on a Beckman 
Model E ultracentrifuge (Chapter 4). Sedimentation coefficients 
were determined on protein solutions previously dialysed for 
24 h against 0.05 M-T ri s-0.5 M-NaCl buffer, pH 8.0 . A single-
sector alumin i um cent rep iece, sapphire windows and an An-D 
rotor were routinely used for sedimentat ion analysis. The 
schl ieren photog raphs were analysed by means of a Nikon Model 
6C Profile Projecto r (N i ppon Kogaku K. K. , Tokyo, Japan) . 
Sedimentat ion coeff ic ients (S20,w) were calculated from 
the data of at least f ive di fferent protein concentrations 
according to the equat ion: 
where viscos i ty of water at temperatu re (t) of 
centr i fuge run; 
viscos i ty of water at 200e; 
viscos i ty of sample solution at known temper-
ature {t l }; 
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n = vi scos i ty of wa t e r a t known tempe ratu re w ( t I ) ; 
o p = dens i ty of wate r at 20 C; . 20,w 
P - de~s i ty of samp l e so l ut ion at tempe ratu re 
t,so l - (t) of cent ri fuge run; 
v = pa r t ial spec i f ic volume . 
Sedimentat ion coef f i c ients a t i nf i ni te d il ut ion (S~o,w) were 
determ i ned by reg ress ion ana l ys i s of a plo t of S20,w aga inst 
concentration (absorbance) un i ts . Both of the above calculatiQn 
procedures were pe r formed on an IBM 1130 compute r with the aid 
of a special programme; the prog ramme 1 i st i ng together with ~n 
example of a data input sheet and the pri ntout for a set of cal-
culated results a re g iven in Appendix 1. 
Values for the pa r t ial spec i f ic vo l umes we re taken fr9m 
Dor r ington and Mihaesco (1970); s i nce no GuHCl was used in the 
present determ i nat ion of sed imenta t ion coeff ic ients, the v-values 
were cor rected by the add i t ion of 0 .01 ml/g to each . 
Dete rminat ion of mo l ecu l a r we ights 
Proteins we re d i ssol ved and extens ive l yd ialysed (3 days) 
i n e i ther 0.05 M-Tr i s-O . 5 M-NaCl bu ff e r , pH 8 .0, o r 6 .0 M-GuHC1, 
pH 7.0, for molecula r we ight (M. W. ) dete rminat ions . Both the low 
speed and high speed meni scus deplet ion sed imentat ion equ i l i br i um 
methods of molecular we igh t dete rmination, as desc ri bed by 
Chervenka (1969), we re used . In orde r to sho r ten the trans-
ient period befo re reach i ng equ i l i bri um i n low-speed runs, an init-
ial overspeed i ng of t he rot or at app rox imate ly tw ice the est imated 
equil i br i um speed was emp loyed . The app rop r iate roto r speed i n 
relat ion to the expected molecul a r we ight of t he prote in under 
examination was obta i ned f rom the se l ect ion cha r t ' of Chervenka 
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The dist ri bution of mater ial i n the centr i fuge cell was 
determined with a photo-elect ri c scann i ng system and was judged 
to be in equilibrium when successive scans at 3 h i ntervals 
revealed no further change i n the absorbance profile o 
A six-channel Yphant i s centrep iece, sapphire windows and 
either the An-D o r An-J rotors we re routinely used for molecular 
weight determinat ions . All sed imentat ion equilibr i um runs were 
scanned two or three times at two different rotor speeds and at 
three protein concentrations, to test for homogene i ty of compounds. 
Analysis of the photo-elect ri c scanner recordings were done 
as described by Chervenka (1969) . Molecular weights were cal-
culated as follows: 
2RT dl nc 
M ~---------- x ------
(l -vP)w2 d{x2) 
where R = gas constant; 
T absolute tempe ratu re; 
v pa rti al spec i fic volume; 
p density of solut ion; 
x = distance f rom axis of rotat ion; 
w angular veloc i ty; 
c concentrat ion (absorbance units) . 
Apparent molecu lar weights we re calcu lated by computer from 
the regress ion ana ly sis of plots of Inc versus x2, The com-
puter programme emp loyed and examples of a data i nput sheet and 
the pr intout of a comp leted ca lc ulat ion i s shown in Appendix 2. 
The density, at d iffe ren t t empe ratu res, of a 6 M-GuHCI solution 
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was calculated by the equat ion of Kawahara and Tanfo rd (1966) 
and was verified pycnomet ri ca l ly: 
d 2 - = 1 + 0. 2710 W + 0.0330 W 
do 
where d = density of the so l ut ion; 
do density of wate r ; 
W we ight f ract ion of GuHCl in the so l ut ion . 
Partial specific volumes used (v) we re those published by 
Dorrington and Mihaesco (1970) . 
5.3.4 Circular dichroism measu rements 
Circular dichro i sm (CD) spect ra were recorded on a Jasco 
model J-20 automatic reco rd i ng spectropolarimete ~ at laoC . The 
signal to the recorder pen was s imultaneously fed through a Beck-
man Auto Pro 31 1 ana logue-to-dig i tal converte r t o an ITT tele-
typew ri ter-punch, wh ich col l ected the data i n ASCI-coded form on 
paper tape for subsequent of f - li ne computer i zed ana l ys i s . Cyl in-
dri cal fused qua r tz cells with pathlengths of 0 . 1 and 1. 0 cm were 
used. Prote ins were di sso l ved in and d ialysed ove rnight against 
0 .075 M-phosphate bu ff e r , pH 7 ,0 . Such pro t e in so l utions we re 
diluted, i f necessa ry, to an abso rbancy of between I and 2 and 
their concentrat ions (mg/ml ) ca lcu l a t ed from the ext inct ion 
coeffic ients (E~~onm) of 13 . 4 and 13. 1 previously dete rmined 
(chapter 2) for norma l IgM and IgM(Sad) . 
The mean res i due e lli pt ic i t ies [e] were calculated by an IBM 
1130 computer f rom the data on the pape r tapes acco rd ing to t~e 
equat i on: 
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whe re e obs 
M 
c 
[eJ = e x 100 x t1 ....::;o.::,b.::,s_-:--__ _ 
lxc 
2 - I deg . cm . dmole 
obse rved e l l i pt ic i ty i n deg reesj 
- am ino ac i d mean res i due we ight, taken as 
108 (Crumpton and Wil kinson, 1963); 
= path length (cm ) ; 
concen tra t ion of prote in (mg/m l ) . 
The calcula t ed val ues we re plot ted on a Ca l comp 563 
inc remental graph plot t e r and the po ints connected by the 
best-fitt i ng smooth 1 ine (ca l cu lated f rom the expe r imental 
values by a f i ve-po i nt quad rat ic smoot hi ng procedu re) to yi eld 
the CD spect ra . The compute r prog rammes employed for these 
man ipulations a re l i sted i n Appendix 3, 
5.4 RESULTS AND DISCUSS ION 
5.4 . I Am i no ac id ana ly s i s 
5. 4 , 1.1 Am i no aci d ana lys i s of the fas t anoda l component 
(FAC, f ract ion 14c) i so l at ed f rom a t rypt ic digest of no rmal 
~. The amino ac i d compos i t ion of f rac t ion 14c i s g i ven in 
Tab le 3. 
The high conten t (26% of amino ac id res i dues, Tab l e 3) 
of aspart ic and g l ut amic ac id i n FAC (f ract ion 14c) is ade-
qua t e exp lanat ion fo r t he f ast anoda l mob ili ty of th i s mino r 
component (P l ates 13a and 15c) . On ly 36 . 6% of the we ight of 
the hyd rolysed samp le of FAC was recove rab le as am ino ac ids, 
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and un ident i f i ed peaks appea red on the ch romatog rams i n posit ions 
co rrespond ing t o t hose of am ino suga rs . It i s su rmi sed that 
th i s f ragmen t probab ly stems f rom the Fc].l pa r t of no rmal IgM . 
FcS].l is known t o con t a in mo re ca rbohyd ra t e t han t he Fab].l 
Table 3. Am i no acid compos i t ion of fract ion 14c. 
of duplicate 24-h hyd rolysates) . 
Amino ac i d mo l es res i due/10,000 g 
2rotein 
Lys 1. 87 
Hi s 0086 
Arg 1.29 
Asp 9 . 43 
Thr 5 ,40 
Se r 7 . 41 
Glu 10 . 65 
Pro 6 . 19 
Gly 5 . 47 
Al a 4 . 38 
! - Cys 5. 61 
Val 2. 88 
Met 10 44 -
lIe 1. 73 
Leu 4. 53 
Tyr 7.05 
Phe 1. 73 
77 . 92 
(Means 
fragment of the IgM molecule (Dav ie and Oste r land, 1971; 
Putnam et al . , 1972) . Pe rusa l of the amino ac id sequence 
of the hinge region of IgM(Ou) (F ig. 22) reveals that this 
part of the ~-cha i n conta ins 7 dica rboxyl ic amino ac id 
residues (Z = 33 03%) as we ll as one half-cyst ine res i due 
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and a carbohyd rate moiety . The anodal mobil ity of FAC and 
the characterist ic presence of dica rboxyl ic am i no ac i d and 
half-cyst ine res i dues as we ll as the occu rrence of ca rbo-
hydrate moiet ies i n both FAC and the hi nge reg ion of IgM(Ou) 
may perhaps be taken to i nd i cate that fraction 14c rep resents 
this region of the ~-cha i n of no rma l IgM . 
5.4 . 1.2 Fractions l7a and 17c (norma l Fab~ ). The object 
of this analysis was t o dete rmin e the relative acid ic and 
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bas i c am ino ac i d con t ent of the two norma ! Fab~ spec ies wh ich were 
sepa rated f rom each ot he r by means of DEAE-ce l l ulose ch roma-
tog raphy (Fig . 17) . 
Table 4. Re lat ive am i no ac id compos i t ion of two differently 
charged spec ies of norma l Fab~ (frac t ions 17a and 17c) . 
Am ino ac i d f racti on 17a (RLeu) fract ion 17c (R Leu ) 
Lys 0 .69 0 . 62 
Hi s 0 .1 9 0. 24 
NH3 I. 92 1. 74 
Arg 0 .46 0 . 41 
Asp 1. 04 1. 32 
Thr 1. 00 1. 29 
Ser 1. 58 2. 02 
Glu 1. 04 1. 33 
Pro 0 . 65 0 . 91 
Gly 0. 96 1. 09 
Ala 0. 81 0. 94 
1 - Cys trace 0 .1 3 "2" 
Val 0 .96 1. 09 
Met trace 0 .1 3 
lI e 0 . 31 0. 39 
Leu 1. 00 1. 00 
Ty r 0 . 5 0 . 55 
Phe 0 . 38 0 . 45 
It is c lea r t ha t f ract ion 17c had a highe r con t en t of 
negat ive ly cha rged resi dues (Asp and Gl u) and a lowe r content 
of pos i t ive ly cha rged res i dues (Arg and Lys ) t han f ract ion 
17a, i n acco rdance with t he ir re lat ive orde r of e l ut ion upon 
sepa rat ion on a DEAE-a nion exchange r" 
In o rde r to show t he d i ffe rence in cha rge be tween fract-
ions 17a and 17c be tte r , t he s ums of t he re la t i ve va lues fo r 
t he ac idic (Gl u and As p) and bas ic am ino ac ids (Lys and Arg) 
in Table 4 a re compa red in Tab le 5, 
bl 5 Compa ri son of the conten t of ac i di c and basic amino Ta e . 
acids in fract ions l7a and l 7c . 
Relat ive cha rsea 
Amino acids f ract ion l 7a fraction l7c 
Basic + 1. 15 + 1. 03 
Acidic -(2 . 08-0.18) = - 1. 90 
b 
-2 . 65 
Nett re 1 at i ve 
-0 . 75 -1 . 62 cha rge 
a: At pH 8.0 used for elut ion from a DEAE an ion ex-
changer . 
b: Corrected for the higher relat ive NH3 content of l7a, 
assuming that this would be due to a higher asparagine 
and glutamine content of this fraction . 
The difference i n the nett reiative cha rges of fractions 
l7c and 17a, with the fo rmer species being mo re negatively 
charged by (1 .62-0 . 75 ) = 0 . 87 relative un its, expla i ns the 
ease of separation of these two normal Fab~ species by means 
of anion exchange ch romatog raphy. 
5.4. J .3 Fract ions 19c and 24b (Fc~{Sad)) . The product ion 
of a small peptide (fract ion 19c) by high temperature tryptic 
digestion of IgM(Sad ) and it s immuno logica l i dent i fication 
as a subfragment of FC5~(Sad) (Plate 28 ) , necess i tated a 
compa r ison of i ts am i no ac id compos iti on with that of intact 
Fc~(Sad) . If fract ion 19c we re formed with equal facility 
from both the am i no- and ca rboxy-te rminal halves of Fc~(Sad), 
it could be pred icted t hat the i r respect ive am ino ac id com-
positions should revea l little o r no diffe rence . The results 
in Table 6, howeve r, show big differences fo r i nstance in respect 
of glyc i ne, serine and half-cyst ine, between f ract ion 19c and 
Fc~(Sad). 
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Table 6. Relat ive amino ac id composit ion of f ract ion 19c 
and FC]J(Sad) (fract ion 24b) . 
Amino ac i d fract ion 9c (RLeu) FC]J(Sad) 
(RLeu) 
Lys 0.23 0039 
His 0 . 25 0 . 29 
Arg O. 11 0 . 58 
Asp 1.68 1.1 2 
Thr 1. 69 1. 62 
Ser 2 .06 1. 10 
Glu 1. 43 1. 37 
Pro 0 . 93 0 .99 
Gly 1. 33 2. 69 
Ala 1.1 8 0 . 94 
! - Cys 0 . 78 o. 15 
Val 1. 65 1. 10 
Het 0 . 21 0 . 18 
lIe 0 . 35 0 . 48 
Leu 1. 00 1. 00 
Tyr 0 . 34 0 . 34 
Phe 0.88 0. 77 
If the number of half-cyst ine residues i n the amino acid 
sequence of Fc(Ou) and i n i ts am ino-termina l ha lf (Fi g. 22) 
i s expressed relat ive to the ir respect i ve leucine contents, 
i t i s found that t hey occu r a t a lmost twi ce the f requency 
in the latter subf ragment . The preponde rence of th i s pa rt-
icular amino ac i d in the amino-termina l ha l f of Fc(Ou) i s 
due to the presence of two o r poss i bly three di sulphide 
bri dges in th i s reg ion of t he IgH (Ou) molecu le (Putnam et al . , 
1972) . It would therefore appear possib le t hat f ract ion 
19c might represent pa r t of the amino-te rminal ha l f of FC]J(Sad). 
5. 4.2 Ultracentrif ugat ion ana lys i s 
Sed imentat ion coeff ic ients dete rmined fo r normal IgM, IgM(Sad) 
and the respective reduct ive subun i ts and trypt i c fragments of 
these immunoglobu lins a re g iven in Table 7. The mo lecula r weights 
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of these prote ins and t he ir respec t i ve v-cha i ns a re shown in 
Table 8 . 
Table 7. Sed imenta t ion coeff ic ients ( S~O,w) wi th standa rd 
dev iat ions de t e rmined fo r norma l IgM and IgM (Sad) and the i r 
respect i ve deri va ti ves . 
Sed i men t a t i on coeff i c i ent 
Spec ies No rma l IgM IgM (Sad) Li te ra tu re values 
IgM 16.86S + 0 .1 17. 74S j: 0 . 12 17. 90S (1) -
18 . 94S (2) 
IgMs - 7. l OS j: O. 20a 7. 07S ( 1 ) 
6 .90S j: 0 . 03b 6 .82S (2) 
Fabv 3,. 58S j: 0 .02c 3 .63S + 0. 08 - 3. 7S ( 3) 
3 .40S + 0 . 04d 3. 59S (4) -
Fc
5v 
10. 01Se 10 . 815 j: 0 .1 5 10 . 85 (3) 
Fcv - 3 .065 + 0. 02 3. 45 (3) -
a: IgMs obta ined a ft e r red uct ion with 0. 01 M DDT and a l ky lat ion 
b: IgMs obta ined a f te r red uct ' on wi t h 0.015 M MEA and a l kylat ion 
c: Fract ion 17a (Chap t e r 3) 
d: Fract ion 17c (Chap t e r 3 
e: Dete rmined on a so ut io . h A1cm , 4. 80 Wi t 280 nm 
Refe rences: I) Mi l le r an d Me t zge r (1 965a • 
2) Suzuki and Deu t sch (1 967) . 
3) Plau t and Tomas i (1 970 . 
4) Bea e and Bu t ress (1969 ) 0 
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Table 8 . Weight-average mo lecula r we ights
a (~) with standa rd 
deviations in 6 M-GuHCl of no rma l IgM and IgM(Sad) and the i r 
respective derivatives . 
Average mo lecular we ights 
Spec ies No rma 1 IgM IgM(Sad ) Li teratu re 
Ffx 10-3 -0 M x 10- 3 -0 M x 10-3 
w w w 
IgM 842.0 ± 30.6c 987 . 6 ± 27 .l 89 1. 0 ± 20 . 6 
640 . 3 ± 40 . 3c 993 . 4c ,d - 84S .0 
890 .0 
IgMs - 162 . 6 ± 1. 7
d,f 18S.0 
lS1. 9d ,e 
Fab~ 47.3 ± 1.2 47 .4 ± 1. 4 41. 0 
47 .0 
46 . 6 
FcS~ 326.6 ± 24 .4
c 283 . 8 ± 14 .1 c 314 . 3 ± G.2g 
311. S ± 16. 8c 342 .0 
329 . S ± 17.3
c 320 .0g 
monomeri c 
Fc~ 35 .6 ± 0.8 31. 7 ± 1.7 31 . 5 ± 1. 19 
33 . 7b 
~-chain 63 . 6 ± 1. 3 61. 8 ± 1. 6 6S . 2 ± 1. 8 















b: This is half the mo lecu la r we ight of 67,300 daltonsdeter-
mined under non-d i ssoc iat ing conditions (ref . 2) 
c: Molecular we ight va l ues showed concen trat ion and/o r rotor 
speed dependence 
d: Determ ined in O. OS M-T ri s-O.S M-NaCl bu f fe r , pH 8.0 
e: Reduced wi th 0 . 01 M OTT and a l kylated 
f: Reduced with O. OIS M MEA and a l kyl ated 








Dorr ington and Mihaesco (1970). 
Plaut and Tomas i (1970). 
Miller and Metzger (1966). 
Mille r and Metzger (1965a) 
Beale and Butt ress (1969) . 
Onoue et al. (1968). 
5.4 . 2.1 Theoret i cal considerations . The problem of aggre-
gation of ~- and L-cha ins and immunoglobulins in neutral aqueous 
solutions, has the consequence that rel iable mo l ecula r weights 
can only be obtained in di ssociat i ng solvents . Sed imentation 
equilibrium methods of M.W. determ i na ti on provides est imates 
of M(l - pv), where p i s the solution dens ity and v the part-
ial specific volume of the prote in under investigation. The 
accuracy of v plays an inord inately big role in the determin-
ation of M.W . in 6 M-GuHCl solut ion, and a 1% e rro r (= ± 0 . 007 
ml/g) in th i s constant wil int roduce an uncertainty in the 
M.W. of 5 - 6% 0 Al though a reasonab l e es timate of v fo r pro-
te in i n dilute salt so l ut ions may be obta ined f rom the v of 
the const i tuent am i no ac ids (Cohn and Edsa l l, 1 ~43), such an 
average v does not take into account the highe r orde r of 
structure inherent in nat i ve prote in molecu les o r the effect 
that this may have on vo Fo r glycop rot e ins a fu r~her cor-
rect ion must be appl ied fo r t he lower re lat ive contr i bution 
in v made by the ca rbohyd rate mo iety and an add i t iona l cor-
rect ion i s a l so necessa ry to compensate fo r the prefe rent ial 
binding of GuHC l to pro t e i (Hade and Tanford, 1967 0 In 
the present invest igat ion, the v- values used fo r no rmal IgM, 
IgM(Sad) and t he va ri ous t rypt i c f ragments and reduced and 
alkylated po lypept ides, we re taken f rom Do rri ngton and Mih-
aesco (1970) . These va l ues we re obta i ned f rom am i no ac i d 
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and carbohyd rate ana lyses and co rrected fo r preferent ia l 
GuHCl bi nd i ng by sub t racti on of 0. 01 ml/g. It i s conceded 
that this approach cou l d ha ve int roduced some unce rta inty 
as to the abso l ute va l ues of t he molecula r we ights i n Table 8. 
5.4. 2. 2 Molecu l a r we ights of no rmal IgM and IgM,( Sad) . The 
molecula r hete rogene i ty and sem i-f ragmen t ed natu re of some 
normal IgM prepa ra ti ons (Pla t e 36) has a lready been ment ioned 
and it was speculated tha t pl asm in may have caused slow f rag-
mentation du ri ng the i so lat ion process of no rma l IgM f rom 
Cohn f raction III (chap t e r 4) . The low value of SO 
20,w l6.9S 
(Table 7) dete rmined fo r one such prepa rati on was therefo re 
not surpr i s ing . Fo r these reasons, no rma l IgM and IgM(Sad) 
we re rechromatog raphed on Sepha rose 66 unde r di ssoc iat i ng con-
di tions to ensu re t ha t prepa a ti ons of highe r homogene i ty would 
be used for mo lecu l a r we ight de t e rmi na ti ons . SOS-PAGE analysis 
of the resu lt ing prepa rat ions i s shown in Pla t e 42 . 
The mo lecu la r we igh t (M.W. ) of 845 . 0 x 103 da l tons dete r -
mi ned fo r no rma 1 I gM (Tab 1 e 8) i s i n ag reement wi th the accept-
ed value of about 890 . 0 x 103 da ltons fo r Wa l dens trom IgM 
(M i l ler and Me tzge r, 1965a ; Do rri ng ton and Mihaesco, 1970). 
It i s re levant t ha t mo lecu la r we ights rang ing ove r 620 . 0 x 
10
3 
- 120 . 0 x 10
4 
da ltons ha ve a l so been reported in the 1 it-
eratu re (F illit t i -Wurms e r and Ha r tmann, 1968). The hetero-
gene i ty of a ll no rma l IgM prepa rat ions used for M.W. -determ in-
at ions was ev ident f rom t he concentrat ion and/o r rotor speed 
dependence shown by t hese prepa ra t ions . 
Al though the SO ~ 
20 , w l 7, 7S determ ined fo r IgM(Sad) (Tab le 7) 
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was compa rab le to that found by Mil le r and Me t zge r (1965a), 
the molecula r we ight of th i s prepa rat ion, app rox imately 
1 x 106 daltons (Table 8), i s about 15% highe r than t hat 
of the Waldenst rom IgM invest igated by them and i s mo re 
i n line with the resu l ts of Suzuk i and Deut sch (1967) . 
The slight molecula r hete rogene i ty ind ica t ed by a roto r 
speed dependence of t he MoW. -va l ues of IgM{Sad) cou l d be 
ignored, in the li ght of a standa rd dev i ati on of on ly 2. 8% 
(see for examp l e Do rri ngton and Mihaesco, 1970) . 
5.4 . 2. 3 Molecu la r we ights of normal Fab~ and Fab~ {Sad) . 
The molecula r we ights found fo r no rma l Fab~ (47 . 3 x 103 dal '-
tons, Tab 1 e 8)" and Fab~d Sad ) (47 . 4 x 103 da 1 tons, Tab 1 e 8) 
are in good ag reement wi th the l i t e ratu re va l ues repo r ted fo r 
Fab~ i solated f rom t he 37°C t ry pti c diges t s of Wa l denst rom 
IgMls (Mi ll er and Me t zge r, 1966; Bea le and Buttress, 1969 ). 
The rathe r low va l ue of 41,000 da ltons repo rted by Plau t ~nd 
Tomasi (1 970 ) fo r Fab~' ob t a ined f rom a 56°C t ryp ti c digest 
cou1d be ra ti ona li sed if i t i s t aken int o accoun t t ha t i n 
t he case of IgM (Ou ) (Putnam et a l. , 1972 ) , t he i nt e r-f.l - L-
cha in disu l ph ide bri dge jo ining t hese two cha ins i s found at 
a posit ion about ha lfway a long the Fd ~ -f ragme~t (pos i t ion 
140 - Fig. 22) . If t ryp s in c leavage occu rred not on ly a t the 
usual a rg inine (217) pos iti on, bu t a l so a t Lys-168 and Lys-201, 
a glycopept ide with a M.W. of seve ra l thousand da ltons would 
be "scooped outll of Fab~ ; t hi s wou l d no t a ffect t he latter1s 
di sulph i de-l i nked two-cha in s t ruct ure, bu t wou l d y ie ld an Fab~­
spec ies wi th a M.W, app rec iab ly lowe r t han t he usua l va l ue of 
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about 47,000 da l tons . Calculation of , the M.W. of the Fd~-
piece shown in Fig. 22 (23,900 daltons ) and add i t ion of 23,500 
daltons for L-chain g i ves a molecular we ight of 47,400 daltons 
for Fab~ of IgK(Ou) . Th i s value can be rega rded as reason-
able for ,a lower M.W. of Fab~, formed by trypsin cleavage at 
a single point only, s ince the res idue weight of each individ-
ual amino acid is taken i nto account in such a calculation and 
since Putnam et al., (1972) stated that the Fd~-chain might 
be slightly longer . 
5.4.2.4 Molecular we ights of normal FC5~ and FC5~(Sad). The 
variable M.W . of FC5~(Sad), where differences of up to 14% were 
observed amongst different prepa rations, the la rge standard 
deviation for the M.W . of no rmal FC5~ and the i r rotor speed and 
concentration dependence (Table 8) reflect on the hete rogen-
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eity of these f ragments . Th i s obse rvation was of cou rse not ~n-
expected in vi ew of t he hete rogene i ty obse r ved ea rl ier in SDS-
PAGE analysis of no rma l FC5~ (Pla t e 17) and FC5~( Sad) (Plate 
25). The mean mo l ecu la r we ights fo r no rmal FC5~ and FC5~(Sad) 
are however compa rable to those reported in the li terature 
(Dorrington and Mihaesco, 1970; Plaut and Tomas i , 1970; Onoue 
et a 1 ., 1968) . It i s sign i f icant that the molecula r weights 
found for the respect ive reduced and a l ky lated monomers of 
normal FC5~ and FC5~( Sad) i n GuHCl were approximately one tenth 
that of the polymer ic FC5 precu rso rs . This prov i des evi dence 
that normal IgM can a l so be rep resented by the pentameric 
(5 x IgMs ) mode l proposed by Mi l ler and Metzger (1965b) and is 
in agreement wi th the resu l ts ,of Plaut and Tomas i , ( 1970) and 
a b 
Plate 42 SOS-PAGE (5.6% gel) analysis of (a) 
normal" IgM and (b) IgM(Sad) after chromatography 
on a column of Sepharose 66 equilibrated with 
0.01 M-Tris - 4.0 M-GuHCl buffer, pH 8.0. 
Dorrington and Mihaesco, (1970) . Similarly, the monoclonal 
immunoglobulin of the present invest igat ion (lgM(Sad)) also 
conforms to this model . 
5.4.2.5 Molecular weights of the ~-cha i ns of normal IgM and 
IgM(Sad). The molecula r weights of the ~-chains (Table 8) 
for both normal IgM (63,600 daltons) and IgM(Sad) (61,800 
daltons) are sl ightly lower than those reported in the 1 it-
erature (Metzger, 1970), but a re considered to be accurate 
values in view of their high degree of purity on SDS-PAGE 
(Plate 38) and their low standard deviations «3%). 
5.4.2.6. Molecular we ight of IgMs(Sad). The M. W. de te r-
mined for the reduced and alkylated subunit (lgMs ) of IgM(Sad) 
is much lower than the usual literature values of about 185,000 
dal tons (Metzger, 1970). The figu re of 15 1,900 daltons shown 
in Table 8 fo r IgMs(Sad ) , i s the mean of 54 determinations on 
3 different preparat ions of IgMs(Sad) obtained by reduction 
with 0. 01 M-DTT, alkylat ion and column chromatog raphic pu ri -
ficat ion . Th is M.W. ag rees wi th that calculated fo r a struct-
ure consist ing of t wo ~ -c ha i ns, bu t on ly one L-cha i n, i n ana-
logy with the resu l t s of Suzuk i and Deutsch, (1967). These 
autho rs proposed tha t reduct ion of IgM wi thout any subsequent 
a l kylat ion, produces an IgM consist i ng of 2 ~-chains + 3 L-s 
chains and with a sed imenta ti on coef fi c ient of 8-S . If reduc t-
ion is followed by a l kyla t ion (the no rmal procedure to obtain 
IgMs) the 8-S spec ies loses 2 of i ts L-chains yielding a 7-S 
molecu le consist ing of 2 ~-cha i ns, but only 1 L-cha in. In 
an extens i ve study they obta ined strong evidence for such a 
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model from amino ac id analys i s, column .chromatog raphic yield 
studies of ~- and L-cha in, ultracentrifugat ion analysis and 
also proteolyt ic f ragmentation studies (Suzuk i , 1969). Their 
work received support f rom the results of Chen et al . (1969), 
but there appea rs to be a gene ral -problem in the determination 
of the true molecular weight of reduced and alkylated IgMs 
(Beale and Butt ress, 1969; Chen et al . , 1969) . It has recent-
ly been suggested that this is probably caused by the phenom-
enon of "longitud inal" d issociation of IgM into HL-halves at 
s 
low protein concentrat ions (Egerov et al . , 1971). 
In order to avoid compl ications due to dissociation, 
IgM (Sad) was .also prepared according to the method of Morris s 
and Inman (1968) . These authors claimed that reduction with 
2-mercaptoethylamine (0.015 M), rather than DTT, gi ves IgM 
s 
with intact inter 7-S intercha i n di su l ph i de bonds ( i .e. inter-
~-L- and inte r-~-~-cha i n) . The mo lecu la r we ight (162,600 
da l tons) obta i ned on such a prepa rat ion (Tab l e 8) di d show 
an increase above the va l ue (1 51,900 daltons) found with DTT 
as reducing agent, but st i ll fell fa r sho r t of that expected 
(185,000-200,000 daltons ) _fo r a convent ional type of IgM 
s 
derived from the pa rent IgM(Sad) wi th a M.W . close to 1 x 106 
daltons. 
Because of the unsat isfactory and perplexing results ob-
tained with . IgM (Sad) and because of the known ult racentri-s 
fugal polyd i spersity of no rma l IgM
s 
(P l ate 39b), no effort 
was made at M.W. determ ination on the latter mo lecu le . 
5.4.2.7 Reconstitut ion stud ies . It now rema ined to be 
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established whether .or not the molecular we ights of the two 
parent IgM molecules unde r i nvest igat ion . cou l d be reconst i tuted 
from those of their . components, using an acceptable stoichiom-
etry. Such a procedu re carried . out on a Wa ldenstrom IgM is 
to be found in the publ icat ion of Do rri ngton and Mihaesco (1970) 
(s ee Fig. 7) . The results of a sim il a r exercise on the normal 
IgM species isolated in t he present invest igation are presented 
in Table 9. 
Table 9. Reconstitut ion of the molecula r we ight of normal IgM 
from molecular weights dete rmi ned for its const i tuent ~- and L-
chains or Fab~ and monome ric Fc~ f ragments . a 
Reduced and a lkylated 
polypeptide chains 
10 x ~-chain = 636,000 
10 xL-cha in - 230,000c 
866,000 
Trypt i c f ragments 
10 x Fab~ 
10 x monomeric Fc~ 





a: based on a pen tame r ic structure consisting of 10 ~­
+ 10 L-chains . 
b: calculated from t he hinge region amino ac id sequence 
of IgM(Ou) (Pau l e t a l. . 197 1), 
c: mean M.W . of K- and A-cha ins calculated from am i no 
acid sequence ana lysi s (Putnam et a l . , 1967) . 
The two calcu lated values, de ri ved in d iffe rent fashion, 
for the M.W. of no rmal IgM a re in good ag reement with each other 
and also with that exper imentally obse rved (842,000) for the 
intact molecule (Table 9) and 1 i te ratu re values (Metzger, 1970) 
(The addit ion of 44,000 da ltons to accoun t for the hinge region 
of IgM which is extens ive ly digested by tryps in, i s considered 
to be a just ifi able manipulation). These results therefo re 
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established that the mo l ecu la r structure of normal IgM also 
conforms to the wel l -known pentameric, 10 ~- + 10 L-chain 
model proposed fo r mos t Waldenstrom IgMls. 
A similar calculat ion (Table 10) for IgM(Sad) does not, 
however, present a compa rab ly clear-cut pi ctu re . 
Table 10. Reconst itut ion of the molecula r weight of IgM(Sad) 
from molecular weights determined for its constituent ~- and 
L-chains or Fab~ and monomeric Fc~ fragments . a 
Reduced and alky la t ea 
polypept ide cha in s 
10 x ~-chain 618,000 
10 xL-chain = 226,000c 
844,000 
Trypt i c f ragments 
10 x Fab~ fragment =474,000 
10 x monomeric Fc~ =317,000 
10 x hi nge region b = 44,000 
835,000 
a: based on a pen tame ric structu re consist i ng of 10 ~­
+ 10 L-cha ins . 
b: calculated f rom the h inge reg ion am ino acid sequence 
of IgM(Ou) (Pau l e t a I. , 1971). 
c: calculated f rom the am i no acid sequence analysis of 
A-chain (Putnam et al . , 1967) . 
Although the inte rnal consistency of the two calculated 
molecular weights i s good and also in agreemen t with l itera-
ture values (Metzger, 1970) they diffe r s ign i f i can tly from 
the M.W. actually dete rmi ned . Addit ion of 5 mo re L-chains 
(5 x 22,600 = 113,000 da ltons) to those shown in Table 10, 
i.e . assuming a 10 ~ - + 15 A- chain model, yields a M.W. of 
• 
approximately 960,000 da ltons which is in much better agree-
ment with the obse rved value of approximately 990,000 daltons 
(Table 8). Mo reove r, dens i tomet ri c scans of the ac ryl amide 
gel cyl inder shown i n Pl a t e 37 (reduced and alkylated IgM(Sad)) 
gave a weight distr i but ion of 68% and 32% for ~- and L-chains 
150 
respectively, wh ich co inc i des exac tl y with the va l ues re-
ported by Suzuk i and Deutsch (1 967) and on which they based 
their 10 ~- + 15 L-cha in model . It wou ld therefore appear 
that IgM(Sad) . could be ano t he r example of a 10 ~- + 15 L-
chain var iant. Th i s ra i ses the poss ibi l i ty that there act-
ually ex ist two . species of IgM wh ich a re different iated only 
by their L-cba in content : one type hav ing 10 L-chains, as 
for normal IgM . andp robab ly . the majority of Waldenstrom immuno-
globul ins, and the othe r hav i ng 15 L-chains and perhaps found 
only rarely amongst monoc lonal IgM's. 
Overproductionof . L-cha in and the appearance of this pro-
tein in urine was first desc r ibed by Bence-Jones (1847) and 
is a well-known phenomenon in some pat ients suffering from the 
production of abno rma l immunog lobu l ins . Bence-Jones prote i n 
was in fact detected in t he uri ne of t he pat i en t f rom whose 
plasma IgM(Sad) was i so lated . Immunoglobul i n M biosynthesis 
in a mouse plasma~cel l t umou r has been extens ively studied by 
Parkhouse (1971) . . Th i s tumou r produces L-cha in i n excess of 
~-chain and . it was es t ab li shed t bat a la rge pool of L-chain 
participates in the . intrace ll ula r biosynthes i s of ~L and ~2L2 
(lgMs ) molecules . Fu rt he rmo re, it has been determined (Ask-
onas and Parkhouse, 1971) . that fo r this tumour, the order of 
Because the 
first step in assembly is ~ + L + ~L, one cou l d speculate 
that in some cases of abno rmal immunoglobu l in synthesis where 
L-chain i s overproduced, mo re than one L-chain could become 
covalently 1 inked to a ~-cha i n . The Fd-part of the ~-chain 
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appears a likely a rea on t o wh i ch to l i nk such an additional 
L-chain via a cyst ine residue normally involved i n an intra-
~-chain disulphide bond . The product of such an assembly 
would be ~L2' which would conce i vably couple more read i ly 
with the stericallY . less hinde red usual intermed iate, ~L, 
than with another ~L2' to form a ~2L3 ent i ty. A penta-
meric molecule .built . up . f rom these~2L3 subun i ts would then 
conform to the IO~- + 15 L-cha in model of Suzuki and Deutsch 
5.4.3. Circular dichroism spectra 
5.4.3. I Normal FabH and Fab~(Sad). Trypsin digestion of 
nQrmal IgM yielded two species of Fab~ which could be separated 
on a DEAE-cellulose column (chapter 3. 4. 4) whereas IgM(Sad) 
yielded only a single Fab~ ent i t y (chapte r 3.4 . 7) . 
A compar i son of t he CD spec tra of these Fab~-fragments 
(Figs. 29-34) revea led s imi la ri t i es but also some differences 
in their opt ica l prope rt i es . The la rge negat ive ellipticity 
band at 217-218 nm in t he CD spect ra of both no rmal Fab~ and 
Fab~(Sad) (Figs . 29, 31 and 33 i s cha racte ri st ic fo r t he 
immunoglobul ins of most an ima l spec ies (Li tman et a l ., 197Ia), 
the i r proteo lyt ic fragments (Cathou et a l. , 1968; Ashman et 
~., 1971; Ghose, 1971) , r -cha ins (Bjo rk and Tanfo rd, 1971a) 
L-chain (Bjo rk and Tanfo rd, 197 1b) and t he ca rboxy- and amino-
terminal halves of A-cha in (6jo r k e t a I. , 197 1) . Notab I e 
exceptions a re . the immunog lobu li ns of the sea lamprey (Litman 
et aI., 197Ia), the ca rboxy-te rmina l ha l f of Fey (Litman et aI., 
1971b) and f ract ion 19c desc ri bed be low . The mean res idue 
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ellipticity of this band for both normal and monoclonal Fab~­
fragments investigated (2,000-3,000 deg • . cm2 • . dmole-
I
) is of 
the same order of magn i tude as reported in . tbe literature 
(Ashmanetal.,1971; Litmanetal., 197Ia). 
It has been suggested (Sarkarand Doty, 1966; Cathou et 
~., 1968) that the 217-218 nm CD band is due to the presence 
of a-conformation in these proteins. A negative ellipticity 
band at this wavelength was predicted from calculations of the 
ultraviolet optical properties of polypeptides in a-conform-
* ation and it is thought to result from a n -TI transition of 
the lone pair of electrons of oxygen (Pysh, 1966). Support 
for this has also come from the demonstration of such a band . 
in model peptides such as poly-L-Iysine (Townend et al., 1966) 
and other proteins with known a-conformation (I izuka and Yang, . 
1968; Lede rer, 1968) . On the other hand, Cathou et al., 
(1968) observed that for rabb i t Faby, this band persisted in 
the presence of 6 M-GuHCI. This is . clearly in contrast with 
the findings of Tanford et al. (1967a, 1967b) who have con-
eluded that prote ins ex ist essent ially as random chains in 
6 M-GuHCI even though .a completely . random . orientat ion may 
be prevented by the presence of intrachain disulphide bonds. 
The positive ell ipticity band at 235-236 nm (Figs. 29, 
31 and 33) is very interesting in that, . although quite prom-
inent in fraction 17a (normal Fab~, . Fig • . 29) it . is almost . 
absent in fraction 17c . (normal.Fab~,Fig. 31) and . fraction 19b 
(Fab~(Sad), Fig. 33) . This band is thought to be due to ro-
tationally restricted tyros ine side chains (Cathou et al., 
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1968) . Similar bands have been observed for the Fab~ I and 
Fab~ I I fragments isolated from rabbit IgG (Cathou et a1., 
1968) and also for human IgG and 7-S IgM (Litman et al., . 
1971b), rabbit IgG (Bjork and Tanford, 1971c), rabbit L-
chain dimer (Bjork and Tanford, 1971b) and also for the V-
but not the C-region of human A-chain (Bjork et al., 1971). 
The finding of the last-mentioned autho rs can possibly be 
interpreted to reflect on the proposed role which tyrosine 
plays in the ant igen-b inding site situated in the VL and VH 
regions of immunog1obul in s (Singer and Thorpe, 1968; Franek., 
1971) . The fact that the Fab~-fragments of IgM(Wag) (Ash-
man et aI., 1971) and IgM(Ou) (Putnam etaL, 1972) contain 
more tyrosine residues than their respective Fc~-fragments 
may also be considered to support this hypothes i s. Cathou 
et al. (1968) have found however, . that rabb it : ant i -D~P Faby 
J and I I fragments gave the same CD spect ra whether the hapten 
was present o r not. 
Bjork and Tanfo rd (1971b) made the interesting observation 
that isolated L-chain, exist ing in dimeric form, showed the 
presence of this positive ellipticity band (237 nm) whilst for 
its monomeric counterpart, only a shoulder could be detected 
at this wavelength. They speculated that dimerisation of L-
chain may cause the more prominent appea rance of this band, 
but also reasoned that it is possible that dimerisation is per-
haps an intrinsic . prope rty of different species of L-chain and 
that this property . is . merely reflected in its CD spectrum. 
That L-chain dimerisat ion has nothing to do with L-chain class 
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Fig. 29: CD spectrum (205-250 nm) of normal Fab~ (fraction 17a) (buffer, 
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F'8' 30: CD spectrum (230-350 nm) of normll Flb~ (friction 171) (buffer, 
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Fig. 31: CD spectrum (205-250 nm) of normal Fabll (fraction l7c) (buffer, 




































Fig. 32: CD spectrum (230-350 nm) of normal Fab).l (fraction l7c) (buffer, 
0.075 M-phosphate, pH 7.0; cell, 1.0 cm; concentration, 1.073 mg/ml) 
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~_~l: CD spectrum (205-250 nm) of Fab~(Sad) {fraction 21a} (buffer, 
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Fig. 34: CD spectrum (240-325 nm) of Fab~dSad) (fraction 21a) (buffer, 
0.075 M-phosphate, pH 7.0; cell, 1.0 cm; concentration, 0.770 mg/ml) 
have been observed in the case of normal L-chain preparations 
(Berggard and Peterson, 1969) and monoclonal Bence-Jones pro-
teins (Bernier and Putnam, 1965; GaIly and Edelman, 1964). 
The importance of this finding is that the presence and ab-
sence re~pectively of the ellipticity band at 235-236 nm in 
the spectra of fractions 17a and 17c may perhaps be due to 
different contents of these two L-chain conformations. 
A negative ellipticity band at 243-245 nm was observed 
for the normal Fab~ fragments. Cathou et al. (1968) ascribe 
this band to the presence of random chain regions in the pro-
tein structure. Evidence supporting this hypothesis was 
found when exposure of rabbit Fab~ to 4 M- and 6 M-GuHCl led 
to a progressive increase . in the amplitude of this band. 
Furthermore, . such a band is seen in the CD spectra of random-
ly coiled poly-L~glutamate and poly-L-lysine (Veluz and Le-
grand, 1965) and was theoret i cally predicted by Carver et al., 
(1966). This negat i ve ellipticity band is however not obser-
ved for normal FC5~ or FC5~(Sad) . and is in agreement with the 
results of Ghose (1971) for a monoclonal 19M FC5~-fragment. 
It could be that this band . indicates the presence of a more 
significant .proportion of randomly coiled regions in the Fab-
part than in the Fc-part of immunoglobul ins. 
Another distinctive difference was evident in the near-UV 
region (260-300 . nm) of the CD spectra of the . Fab~-fragments. 
Whereas normal Fab~ (fraction 17a,Fig. 30) displays a single 
positive Cotton effect at 290 nm([e] =50 deg. cm2.dmole- l ), 
the spectra of the more acidic normal Fab~ species (fraction 
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17c, Fig. 32) . as well as Fab~ ( Sad) (f ract ion 19b, Fig. 34) 
have considerably . me re . f i ne st ructu re, with othe r pos i t i ve 
CD bands discern i ble nea r 2]0 nm .and . 280 nm i n add i t ion to 
the one at 290 . nm . ,. The . l at t e r two . Fab~'s . the refo re again 
displayed optical . prope rti es . s imi lar . to each othe r but diff-
erent from that . of . f ract ion 17a .as .was the case fo r the 235 
nm band . It would appea r that .a l I . Fab~ -specles (normal and 
monoclonal) have some asymmet ri c ionised tyrosine s ide chains 
which are respons i ble fo r a CD band at 290 nm, but that not 
all of them conta in the op ti cally act ive cbromophores (most 
probably other . tyros ines .or . t ryptophans) . tbat .g i ve . rise to 
the observed .Cotton effects nea r 235 nm, 270 nm and 280 nm. 
It is important to note t hat the latter CD bands have now 
been observed in Fab~'s de ri ved f rom no rmal IgM (p resent 
investigation ) as we ll as monoc lona l . IgM's and IgG's (present 
investigat ion; .. Ashma n e t a l . , 197 1 ; . Ghose, 197 1; Cathou 
et aI., 1968; Litman e t .a l. , 197I b). One wou l d the refore 
conclude that theFab~ - f ragmen t s . f romno rma l and monoclonal 
immunoglobulins . (J gM .and . JgG ) have very s imi la r optical pro-
perties and probab ly a l so ve ry s imi la r confo rma t ions . Hence 
it i s not feasible to c lass i fy an immunog lobul in as no rmal 
or monoclonal, huma n o r an ima l on . the . bas i s of the CD pro-
perties of its Fab~-f ragmen t . 
5.4 . 3. 2 FCH(Sad ) subfragment ( f ract ion 19c) . Th i s f rag-
ment resulted from the h igh t empe ratu re tryps in digest ion of 
IgM(Sad) and was iso la t ed by mo lecu la r exc l us ion chromato-
graphy on Sephadex G-IOO (Fig . 19, chapter 3) . The CD spect ra 
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of this subf ragment {Figs . . 35 . and. 36) . showedno e lli pt i city 
bands in the nea r . ult ravi ol e t wa velength reg ion, 260-300 nm; 
2 
a strong negat ive e lli pt i ci ty band ([6J = - 11 ,600 deg . cm . 
dmole- I) was however cen tred at .202nm instead of 217 nm 
(c.f . , FC5~{Sad ) , . Append i x 4-F ig. A13) . . These . prope rt ies 
a re typical fo r . a random . co il con fo rmat ion (Ho l zwa r th and 
Ooty, 1965) and fract ion 19c t he refo re appea rs to have no 
ordered structu re af te r be i ng sp l it from FC5~(Sad). 
It was deduced ea r l ie r t hat f ract ion 19c originated from 
the amino-terminal pa r t of Fc~( Sad) (sect ion 5. 4. 3. I) mainly 
because of the relat ively high content of half-cyst ine resid-
ues of this f raction . The confo rmat ional s ign i f i cance of 
intrachain disulph ide bonds . i n immunoglobu li n st ructu re was 
shown by Li tman et a l . , . (1 97 b) in aCO study of no rma l human 
IgG and its enzym ic and chem ica ll y . ( reduct ion ) de ri ved f ragments 
and pept ide cha ins . They fou nd. tnat .on ly . the ca rboxy-terminal 
half of the Fcy (dis ul ph ide bonds int act ) did no t y ie l d the 
typical ell ipt i c i ty ba nd a t 217 nm and speculated that th i s 
band may o ri g ina t e . f rom.a .c ross-doma in interact ion . This hy-
pothesis, (conside ri ng only the 217 nm band ) .was however ne-
gated by the resu l ts of Bjo rk et a l. , (1 97 1) who found that 
the V- and C- region compact doma ins of A-cha in, a l though hav-
ing other diffe rences i n t he ir CO spect ra, bo t h had strong 
217 nm ell ipt ic i ty bands . The ir conc l us ion that these two 
halves of A~cha i n probab ly . ex i st as in dependen tl y folded, non-
interact i ng reg ions, i s a l so bo rne ou t by the recen t X- ray 
di ff raction resu l ts of Po l jak et al . , (1972 ) on a human mye-
loma Fab y. 
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5.4.3.3 Irreversibility of GuHCl denaturation. Early in 
this investigation (chapter 2) it .was observed that after 
pool A proteios . bad . been . exposed . to . 8 M-Urea and the urea sub-
sequently removed . by d ialysis, normal IgM could be . detected 
only very weakly witbmonospecific . anti-lgM .antiserum, whereas 
a strong precipitin band bad . been obtained prior to urea-de-
naturation. It was a rgued that . the decrease in antigenicity 
was caused by incomplete . renaturation of the high molecular 
weight IgM upon removal of the urea denaturant. 
Supporting evidence of this is found in the CD spectra 
of IgM(Sad) before (Figs. 37 and 38) and after (Figs. 39 and 
40) exposure to 4 M-GuHC1. Similar signs of irreversible 
denaturation, or at least of incomplete renaturation, may be 
found in the spectra of normal FC5~ (Appendix 4, Fig. A9 -
A12). For both prote ins investigated, GuHCl was removed by 
extensive dialysis aga i nst 0.075 M-phosphate buffer, pH 7.0, 
prior to the determinat ion of CD spectra. 
The most significant changes in these spectra were a 
complete loss of posit ive ellipticity bands in the 250-300 nm 
region (Figs. 38 and 40) and a blue shift of the 217 nm 
ell ipticity band after the proteins had been exposed to GuHCl 
(Figs. 37 and 39). The absence of ellipticity bands in the 
near-UV associated with asymmetric aromatic s i de chains after 
renaturation of the denatu red proteins (Figs. 38 and 40) ind-
icates that such residues were not restored to their former 
restrictive spatial positions and the blue shift of the 217 nm 
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£ia~: CD spectrum (190-250 nm) of fraction 19c (buffer. 0.075 M-
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Fig.~; CD spectrum (245-350 11m) of fraction 19c (buffer, 0.075 M-







































Fig. 37: CD spectrum (210-250 nm) of native IgM(Sad} (buffer, 0.075 
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Fig. 3~: CD spectrum (240-325 nm) of native IgM(Sad) (buffer, 0.075 
M-phosphate, pH 7.0; cell, 1. 0 em; concentration, 1.260 mg/ml) 
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~~: CD spectrum (190-250 nm) of IgM(Sad) after renaturation from 
0.01 M-Tris-4.0 M-GuHCl buffer, pH 8.0 (buffer, 0.075 M-phosphate, 
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Fig. 40: CD spectrum (235-325 nm) of IgM(Sad} after renaturation from 
0.01 M-Tris-4.0 M-GuHCl buffer, pH 8\0 (buffer, 0.075 M-phosphate, 
pH 7.0; cell, 1.0 cm; concentration, 0.195 mg/ml) 
all random chain structure. 
The renaturation of a protein dissolved in a denaturing 
solvent like 4 M-GuHCl not only depends on the rate of re-
naturation (i .e. removal of denaturant) but also on intrin-
sic characteristics 1 ike its content of hydrophobic and hydro-
philic amino acid residues and in some cases apparently also 
on its size (Holt and Creeth, 1972). Several other suggest-
ions have been put forward to explain incomplete renaturation 
(e.g. Ullman and Monod, 1969; Teipel and Koshland, 1971). 
All of these have one common feature, namely the involvement 
of a specific pathway, such as interaction with 1 igands or 
primitive folding of newly biosynthesised polypeptide chain, 
in order to bring about the eventual correct conformation of 
the protein. 
The length of a polypept ide chain will also determine the 
number of thermo-dynam ically acceptable stable states (i.e. 
conditions of minimum free energy) in which it can exist, and 
it is not surprising that most successful renaturation experi-
ments were carried out on proteins of molecular weight under 
20,000 dal tons (HoI t and Creeth, 1972) . L-chain (M . W. approx-
imately 23,000 daltons) is the smallest polypeptide component 
of the immunoglobulin proteins; it is therefore to be expected, 
on account of the foregoing considerat ions, that monomeric (lgG) 
and polymeric (lgA, IgM) immunoglobulins may not easily recover 
their correct or natural conformations after having been com-
pletely randomised. Furthermore, all immunoglobul ins are known 
to be glycoproteins and i t is conceivable that the hydrophil ic 
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carbohydrate moieties may also adversely influence renatur-
ation (Holt and Creeth, 1972). 
5.5 CONCLUSION 
Some indication of the comparable nature of normal IgM, IgM{Sad) 
and their fragments was obtained earl ier from their SDS-PAGE and IE 
analyses (chapters 2, 3 and 4). Sedimentation coefficient and mo1e-
cu1ar weight determinations on normal IgM, IgM{Sad) and their deriv-
atives showed that, except for IgM (Sad), all other proteins examined s 
gave results which were in good agreement with previously reported 
values obtained for monoclonal IgMls and their subfragments and con-
st i tuent d:JGl i ns. The low molecular weight of IgM (Sad) and the too s 
high molecular weight of IgM{Sad) were examined and discussed on the 
basis of the 10~ + 15L-chain model proposed by Suzuki and Deutsch 
(196]). The most important deduction to be made from the molecular 
weight estimates was that normal IgM and IgM{Sad) both conformed to 
the pentameric structure accepted for this class of immunog1obu1 in. 
The CD spectra of some normal IgM and IgM{Sad) fragments and of 
the parent molecules showed that the monoclonal and ·po1yc1ona1 IgM 
investigated have similar overall conformations in solution. The 
differences in biological properties of immunog1obu1 ins are therefore 
not expressed at a gross conformational level, but can be expected to 
be manifest at a more local level of structural organisation. This 





GENERAL DISCUSSION AND CONCLUSION 
The primary objective of . the i nvestigations reported in this thesis 
was to establish whether or not monoclonal Waldenstrom IgM, from which 
stems almost our entire knowledge rega rding the structure and conform-
ation of this immunoglobul in class, is a val id model on which to base 
deductions and predictions about normal IgM and its role in immunology. 
In order to ascertain this a study was indicated in which physico-
chemical comparisons could be made between normal and monoclonal IgM. 
To this end a method was developed by means of which sufficient 
quantities of normal IgM could be i solated from a waste product of 
plasma fractionation. Th i s method entailed the extraction of IgM from 
Cohn fraction I I I and the subsequent i solation, by means of molecular 
exclusion chromatography, of a h igh molecula r we ight fraction contain-
ing most of the IgM. Fina l pu ri ficat ion was achieved through the use 
of an immunoadsorbent developed spec i fically against contaminants in 
the pa rtially purified IgM prepa ration. The nature of the proteins 
removed by immunoadsorpt ion was not fu l ly determined but immunodiffusion 
analysis of these "contaminants" indicated the presence of naturally-
occurring macroglobul ins as well as proteins wi th a molecular weight 
which, under normal condit ions, should have precluded their appearance 
at the same elution volume as that of IgM . These lower molecular 
weight proteins included IgG and C3 and their presence suggested, be-
cause of their known capacity fo r interaction, e.g. dur i ng cytolysis, 
that they were present as la rge soluble complexes. The complex nature 
of the IgG in this high M.W. f raction was late r verified by the finding 
that the Fc-part of these molecules was masked to such an extent that 
they could not be completely removed with the aid of insolubilised 
anti-Fcy antiserum. Moreover, it was found that an anti-Fdy immuno-
adsorbent was also incapable of removing all IgG contamination, indi-
cating that its antigen binding part (i . e. Faby) was therefore also 
involved in complex formation. These observations served to explain 
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the early, perplexing findings that separation methods based on mole-
cular size or charge differences of proteins were inadequate when applied 
to the purification of IgM extracted from Cohn fraction I I I. 
To ascertain whether the "architecturell of monoclonal and poly-
clonal IgM is the same or at least comparable, normal IgM and a Walden-
strom IgM were subjected to high temperature tryptic proteolysis and 
the resultant fragments were separated by molecular exclusion chroma-
tography. The molecula r size heterogene i ty of these presumably mono-
disperse fragments was unexpected, but at the same time it afforded 
an indication of the inadequacy of methods like molecular exclusion 
chromatography and immunoelectrophoresis as sole tests for homogeneity. 
It would appear that unless so-called "pure" immunoglobul in fragments 
are also subjected to analysis by polyacrylamide gel electrophoresis 
in the presence of a dissociating agent I ike sodium dodecyl sulphate, 
their molecular size homogene i ty remains suspect. 
Another unexpected observation was that the presence of NaCI in 
digestion mixtures had a marked effect on the rate of tryptic digest-
ion of both normal IgM and IgM(Sad) and it was concluded that this was 
due to some form of structu ral stabilization of IgM by NaCI. This 
observation perhaps deserves to be more fully investigated; experiments 
in which IgM is . subjected to trypsinolysis in the presence of various 
concentrations .of neutral salts ofa Hofmeister series could perhaps 
reveal optimum conditions under which to secure either Fab~ or FC5~' 
or both. 
In order to obtain fragments smaller . than the proteolytic ones, 
the latter were. reduced and . alkylated in standard fashion. This 
chemical method of dissociation was also employed to obtain the ~­
chains of normal and monoclonal IgM in which reside the intrinsic 
differences determining the various immunoglobul in classes. These 
component fragments and peptide chains as well as their respective 
precursor molecules were examined by means of ultracentrifugation 
(sedimentation coefficients and molecular weight determinations) and 
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circular dichroism spectroscopy. From the physico-chemical parameters 
determined with the aid of these two techniques and also from obser-
vations made on the column chromatographic, immunoelectrophoretic and 
SOS-PAGE behaviour of comparable components of normal IgM and IgM(Sad), 
it was concluded that normal IgM . behaves I ike its monoclonal counter-
part in most respects, but some d1sparities were also observed. 
Some of the incongruities noted were the different susceptibilit-
ies of the intact molecules to tryptic fragmentation (lgM(Sad) > normal 
IgM); an apparent easier further proteolytic breakdown of Fab~(Sad); 
the formation from IgM(Sad) of a homogeneous trypt i c fragment 
with a lower molecular weight than that of L-chain and a significant 
difference in the molecular weights of the intact normal and mono-
clonal IgM molecules. This last-mentioned difference is perplexing 
and difficult to relate to deductions made from summations of the 
molecular weights of component proteolytic fragments or H- and L-
chains. 
CD spectroscopy proved to be . a useful probe of the conformat-
ions in solution of the immunoglobul ins and of the i r f ragments. 
From the CD spectra it .was concluded that, except for some minor 
differences, .all compa rable normal and monoclonal spec ies had very 
similar conformations. Although .at t empts were made to detect a 
change in the conformat ion of IgM at high temperatu res (S6°C) in order 
to explain the better yield of FcS~ relative to trypsin digests at a 
lower temperature (37°C), these were unsuccessful. More conclusive 
results in this regard could pe rhaps be obtained if a chromophore with 
an absorption band in the v i s ible region were first attached to the 
molecule, preferably near the hinge area . Such an IgM derivative may 
possibly display new intrinsic ellipticity bands in the visible region 
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which, being outside the ultraviolet region where the protein itself has 
intrinsic Cotton effects, would be mo re sensit ive indicators of small 
temperature-dependent changes i n the conformat ion of IgM . 
Some problems rega rding the st r uctu re of IgM still await solution. 
One of these is the role of J-chain (joining chain) discovered recently 
in IgA (Halpern and Koshland, 1970) and subsequently detected in IgM 
(Mestecky et al., 1971) and in the macroglobul i ns of the pheasant, marine 
toad, catfish (We i nheimer et al . , 1971) and mouse (Parkhouse, 1972). 
This polypeptide has been shown to be quite distinct from a-, ~- and L-
chain (Morrison and Koshland, 1972) and i ts proposed join ing function 
in the polymeric immunoglobul i ns was conf irmed by Parkhouse (1972), who 
found that it is not bound to IgMs prior to secret ion, but occurs cova-
lently 1 inked to extracellular IgM. Further support has also come from 
quantitative determinat ion on the sto ichiometry and number of half-cystine 
r~sidues involved . in the covalent binding of J-chain to polymeric IgA and 
IgM (Morrison and Koshland, 1972; Mestecky et al., 1972). Although 
Parkhouse et al. (1970) found a ve ry specif ic and high degree of 
re-associat ion of reduced but non-a l ky la t ed IgM on reox idat ion, 
i t i s diff i cult to env i sage a g lobu la r J-cha in of mo lecular weight 
24,000 daltons (Mo rri son and Kosh land, 1972) spann i ng the 10 bulky 
Fc~-regions which a re cova lent l y li nked i n IgM, and at the same 
t ime having the app rop ri ate ha l f-cys ti ne res idues in co rrect 
stereochemica l juxtapos i t ion for c rossl i nk i ng i t to the Fc~-regions. 
However, the J-chain could be env isaged to ex i st as an extended 
polypeptide, allowing it to fo rm a IIc i rcular br i dge ll between indiv-
idual subunits. Thus, i n 19-5 IgM, the Fc- regions of i ndividual 
IgM subunits may not be d i rect ly 1 i nked, but rather vi a a single 
J-cha in with half-cystine residues spaced at regu lar intervals 
along i ts length . Calcu l at ion of the max imum l ength of a fully 
d d J h · (24,5
00 3 63 °A 823 °A ) h h h exten e -c aln 108(M . R.W. ) x. ~ sows t at suc a 
polypept ide cou l d eas il y span t he c ircumfe rence of a c irc le th rough 
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even the hinge reg ion of IgM (2 TI x 105 A = 660 A; Me t zge r , 1970) . If an 
extended c ircu la r st ruc tu re does exi st fo r J-cha in in the nat ive mole-
cu l e, CD spectroscopy of t hi s prote in, i so lat ed unde r mil der conditions, 
could perhaps detect such a s truc t ure. Informat ion rega rding the 
possible ro le of J-cha in i n t he i n vitro re-assoc iati on of reduced, 
non-a l kylated IgM may a l so be ob t a ined, i f J-cha in we re to be re-s 
moved by immunoadsorpt ion with an an ti -J-chain immunoadsorbent from 
IgM which has on ly been reduced . Compa r ison by means of SDS-PAGE 
of the re-assoc iation products o r dete rminat ion of the assoc iation 
constants for this reac ti on in t he presence and absence of J-chain, 
could shed more I ight on t he actua l impo r tance of t hi s mo lecule in 
the st r uctu re of polyme ri c immu nog lobu l i ns . 
As previously stated, most structural and conformational analysis 
has been conducted on WaldenstrHm l.gM's, the reasons for this being 
two-fold, namely the homogeneity of the monoclonal IgM species and the 
relative abundance of this material in macroglobulinaemic plasma. 
The work reported in this thesis has indicated that there are many 
similarities between normal IgM and a specific Waldenstrem IgM 
(lgM(Sad)) isolated in the author's laboratory, but some disparities 
have also been noted. That there are such disparities should not 
be regarded as totally surprising, because in the case of the Walden-
stem macroglobul ins one is studying a single IgM species which might 
have some unique properties conferred on it by its unique V-region. 
Such a species might well exist in the normal IgM pool, but in a 
concentration too low to permit i ts detection. The present study 
has provided substantial evidence that, at least as regards gross 
conformation and structure, Waldenstrom IgM may just i fiably be used 
as a model of normal IgM, and that information der i ved from a study 
of monoclonal IgM might be extrapolated to normal IgM with a greater 
degree of confidence. 
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SUM MAR Y 
Normal IgM was extracted and purified from Cohn fraction I I I 
of pooled normal human plasma using the following procedures: 
(a) extraction with 0.1 M-acetate buffer, pH 4.1, in a 
ratio of SOO g Cohn fraction III : 2 L buffer; 
(b) clarification by centrifugation at 3S,SOO xg for 
1 h at 4°C . 
(c) precipitation of macroglobulins either by euglob-
ul in precipitation (low ionic strength) or 8% PEG 
4,000; 
(d) delipidation by ultracentrifugal flotation after the 
density of the IgM-containing solution had been 
increased to 1.2 g/ml with NaBr; 
(e) chromatography on 3. S% aga r beads to remove aggre-
gated material and low molecular weight components; 
(f) removal of non-lgM proteins by immunoadsorpt ion. 
2 Monoclonal IgM(Sad) was purified by: 
(a) precipitation from macroglobulinaemic plasma 
with 7% PEG 4,000; 
(b) column chromatography on 3.5% agar beads. 
3 Purified normal IgM and IgM(Sad) were digested with trypsin 
(S6°C) for various times and in the presence of different 
4 
NaCl concentrations. Fragmentation products were analysed 
by means of SDS-PAGE and IE and it was found that NaCl supp-
ressed trypsin digest ion. 
FcS~ and Fab~ fragments were isolated from large scale high 
temperature trypsin digests of normal IgM and IgM(Sad) by 
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means of column chromatography in the presence of 4.0 M-
GuHCl after the Fab~ had been chromatographed on DEAE-cell-
ulose ion exchange resin. 
5 A fast anoaal component was detected (IE) and separated from 
the trypsin digest of normal IgM and a low molecular weight 
subfragment of Fc~(Sad) was isolated from the t rypsin digest 
of IgM(Sad). 
6 Monomeric normal Fc~ and Fc~(Sad) were obtained by reduction 
and alkylation of the respective pentameric precursors, and 
were purified by molecular exclusion chromatography in 4.0 
M-GuHC1. 
7 The ~- and L-chains of normal IgM and IgM(Sad), reduced and 
alkylated in the presence of 4.0 M-GuHC1, were isolated by 
column chromatogr~phy on Sephadex G-200 . 
8 The sedimentation coeffic ients, molecular we ights and CD 
spectra of norma l IgM, IgM(Sad) and some of their tryptic 
fragments and reduced . and a l kylated subun i ts and polypeptides 
were determined . . 
9 The M.W. values of the . t rypt ic . fragments and the ~- and L-
10 
chains of normal IgM ind icated that this molecule conformed 
to the generally accepted 10~ + 10 L-chain model fo r this 
immunoglobul in class . . 
Although M.W. values . for . FC5~(Sad) . and monomeric Fc~(Sad) 
proved that IgM(Sad) was also a pentameric molecule, the 
discrepancy between the M. W. IS of the . intact molecule and its 
component ~- and L-cha ins precluded the unequ ivocal deduction 
of a 10~ + 10 L-chain mode l fo r th i s immunoglobul i n. 
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11 The CD spectra of norma l IgM, IgM(Sad) and thei r tryptic 
fragments and reduced . and alkylated subun i ts and polypeptide 
chains indicated that they have simila r conformations. 
12 The irreversible loss of conformat ion of IgM(Sad) on denatur-
ation by GuHCl was shown by the dissim i la r ity in CD spectra 
of this molecule before and after exposure to 4.0 M-GuHC1. 
13 It was concluded that no rma l IgM confo rmed in most instances 
to the parameters determined for IgM(Sad) and other monoclonal 
IgM1s reported in the 1 i teratu re . 
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APPENDIX I 
Computer programme used for the calculation of sedimentation co-





























RUN ON AN I.B.M. 1130 COMPUTER WITH 8K CORE. 
1132 LINE PRINTER AND 1442 CARD READER. 
COMPUTER CENTRE - UNIVERSITY OF NATAL. 
CALCULATION OF SEDEMENTATION COEFFICIENTS 
J. CONRAD IE. - N.B.T.S. 
DIMENSION TIME(SO),Y(SO),CONC(20),SW(20),NAME(20),CS(SO) 
PI=3 0141S9265 
RE AD(2,100) NEXP,NAME 
FORMAT(12,2X,20A2) 
NEXP - NUMBER OF EXPERIMENTS 
N - NUMBER OF OBSERVATIONS. 
RPM - REVOLUTIONS PER MINUTE. 
FACT - CORRECTION FACTOR. 
CONS - CONCENTRATION. 
DO 10 JEXP=I,NEXP 
READ(2,101) N,RPM,FAcT,CONS 
FORMAT ( I 2, F 8 • 0, F 8 .' 4, F 6. 1 ) 
DO 2 J=l,N 
READ(2,102) TIME(J),CS(J) 
FORMAT(FIO.0,FIO.2) 
TIME - TIME IN MI NUTES. 
CS - RADIAL DISTANCE IN CMS. 
Y(J)=ALOG( CS(J» 
CONT I NU E 
CALL FIT(N,TIME,Y,A,B,SER) 
THIS FITS THE STRAIGHT LINE Y=AtB*TIME 
W=RPM/60.*(2.*PI) 
W - OMEGA ROTATION IN RADIANS PER SECOND. 
WRITE(3,103) N,RPM,W,FACT,CONS 
A2 
FORMAT(lHl,12,' OBSERVATIONS R.P.M.=',F7.0,5X,'W=',FIO.l,5X, 
1 'FACT=',F8.4,SX,'CONCENTRATION=',FS.l/) 
WRITE(3,104) 
FORMAT(7X, 'Tlr.., E', 7X, 'CMS' ,6X, 'LOG t , 7X, 'EST' ,6X, '01 FF'/) 
DO 3 J=l,N 
YEST=A+B*TI ME(J) 
DIFF=yeJ)-YEST 
WRITE(3,lOS) TI MEeJ),CS(J),Y(J),YEST,DIFF 
FORMAT (IX, F 10 .0, F10 .2 .. FLO. 4, F.IO .4, FLO. 4) 
CONT I NUE . 
SOBS - OBSERVED SEDEMENTATION CO-EFFICIENT. 
SOBS=B/ (60. *~J*\IoJ)*l. E13 
S20 W - CORRECTED SEDEMENTATION CO-EFFICIENT AT 20 DEG. 
S2.0W=FACT*SOBS 
COMPUTED VALUES SAVED FOR SUBSEQUENT REGRESSION. 
S~l( JEXP) =SlOW 
CONC(JEXP)=CONS 
WRITE(3,106) B,SOBS,S20W,SER 
FORMATCIHO, 'SLOPE=' ,F8.5,5X, 'SOBS=' ,F6.2,5X, 'S20W=' ,F6.2,SX, 
1 'STD.ERROR=',F8.S) 
CONTINUE 
CALL FITC NEXP,CO NC,SW,A,B,SE R) 
C-- -- THIS FITS THE STRAIGHT LI NE SW=A+B~CONC 
C---- TO ENABLE US TO FI ND INTERCEPT AT ZERO. 
WRITEC3,107) NAME 
107 FO RMATC1H1,10 X,20A2/) 
WRITE(3,108) 
1 0 8 FO RM AT C 7 X, , CO N C ' , 6 X, , S 20 W, , 7 X, , EST' , 6 X, '0 IFF' I } 
DO 4 J=l,NEXP 
YEST=A+B*CO NCCJ) 
DIFF=SH(J)-YEST 
WRITE(3,10 9) CO NCCJ),SW(J),YEST,DIFF 
109 FORMATCIX,FIO.2,FIO.2,F1 0.2,FIO.2) 
4 CO NTI NUE 
HRITEC3,110) A,B,SER 
A3 
110 FORMATC'O','S20W AT CO NC=O',F7.3,5X,'SLOPE=',F8.4,5X,'STD.ERROR=' 
1 F8.4) 
C- - -- THE PROCEDURE IS REPEATED WITH THE RECIPROCALS. 
DO 5 J = I,NEXP 
SWeJ) = 1.1 SWCJ) 
5 CO NTI NUE 
CALL FITCNEXP,CO NC,SW,A,B,SER) 
vJRITE(3,111) 
111 FORMAT(lHO,6X,'CO NC',5X,'RECIP',7X,'EST',6X,'DIFF'/) 
DO 6 J = 1, NEXP 
YEST = A + B * CONC(J) 
DIFF = SW(J) - YEST 
WRITE(3,112) CONC(J),SW(J), YEST,DIFF 
112 FORMAT(lX,FIO.2,3FIO. 6) 
6 CO NTI NUE 








C---- RUN ON AN I.B.M. 113 0 CO MPUT ER WITH 8K CO R[. 
C---- COMPUTER CENTRE - UNIVERS ITY OF NAT AL. 
SUB R 0 UTI rl E FIT ( N , X , Y , A, B, S I G Y X ) 
C---- THIS SUBROUTI NE FITS THE STRAIGHT LI NE Y=A+B*X 











S XY~xY+xe J)*Y( J) 














mber of Experimental Runs and Description of Experiment 
2 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 
Number of Observations N Co1s 1 ~ 2 I 0 
R.P.M. (with dec. pt ) II 3 = 10 f " 
, .2 / 
Factor (with dec. pt) II 11 .. 18 / () 9 9 B 
Concentration II II ) or 19 - 24 4- / 7 
Time Cms . 
5 6 7 8 9 10 15 16 17 18 19 20 
0 / .2 S- /,I. 1 
4- I A. . b I 2 One Card per 
g / ..l /, 8 3 Data Card 
/ .t I ~ . -"2 ~ 4 
I " I J. 8 I 5 ;I. () / ;/. 8 8 6 
J.. 4- I .2 9 5- 7 
..t g / 1 . 0 2 8 
.1 ~ / 3 / tJ 9 










~: The input to the program comprises: 
- Heading card which specifies NEXP - the number of 
experimental runs 
Followed by NEXP sets of cards ~ each of which comprises: 






R.P.M.- 56821. iO OBSERVATIONS 
FACTs 1.0998 


























































SLOPE= 0.00135 SOBS= 6.38 S20W= 7.02 
STD. ERROR- 0.00227 
A6 
S20W 
75 1 G: SAO 1368 
CONe s~Ow EST ClIFF 
6.20 7.~9 7.16- 0.22 
5 .. 20 6.9~ 7-15 -0.21 
l •• 17 7.C2 7 d l~ ... 0.12 
3910 - . 1 · r 'f _, 1 "7.1 '~ -0. 0 1 
2~C8 74tA 7.12 0 ".12 
AT (ON(.:-O 7.1. 0 2 SI.GPE'" 0.01(.10 
STD,ERROR::: 0_1996 
(ONC RECIP EST ()! H: 
b s20 O.lj5~7a O.!39109 -0.004431 
~.20 O.~4~035 O.13;B6~ O.GO~165 
4a17 Cw14236 3 0.140033 0.002349 
3.10 0 . 140544 0 .14020 4 0.000340 
2.08 0.137943 0.140367 -0.002424 




Comp~ter programme used for the calculation of molecular weights 





RUN ON AN I.B.M. 1130 COMPUTER WITH 8K CORE. 
1132 LINE PRINTER AND 1442 CARD R~ADER. 
COMPUTER CENTRE - UNIVERSITY OF NATAL. 
C ..... CALCULATION OF MOLECULAR WEIGHTS - J.CONRADIE (N.B.T.S.) 






















o I MEN S I Otl NNRUN ( 20), WTMS (20), SERS (20) 
R - MEASURED R 
DO - OPTICAL DENSITY 
R 2 - ( R/ M F + 5. 7 ) * * 2 
Y - LN(OD) 





NN- NUMBER OF EXPERIMENTAL RUNS. 
READ(KIN,119)NN 
F ORM\T ( I 2) 




FORM AT ( 4 F 12 . 4 ) 
FM - MAGNIFICATION FACTOR. TO BE DIVIDED BY 1.6 
T - ABSOLUTE TEMPERATURE. 
RPM - REVOLUTIONS PER MINUTE. 
DEN - BOUYANCY CONSTANT. 
WW=(RPM/60.*TOPI)**2 
WW - OMEGA SQUARED. 
FMM=Frvl/1.6 . 
READ(KI N,106)(R(J),DOeJ),J=1,N) 
FORM AT ( 2 F 8.: S) 









FORMATC1X, 20A2,2X, 'MAGNIFICATION FACTOR =',F6.2,'/1.6',4X, 





FORM AT ( 6 X, , R ' , 6 X, , R * * 2 , 6 X, '0 . D. ' , 4 X, ' L N ( 0 D) , , 7 X, ' EST' , 6 X, 'D IFF 









B - SLOPE OF THE GRAPH USING NATURAL LOGS. 
SLOPE=B/ALOG(10.) 
c---- SLOPE - SLOPE OF THE GRAPH USING LOGS TO THE BASE 10. 
Fl =CR*T / (DEN*vM) 
WTM=2.*F1*B 
WTM - MOLECULAR WEIGHT. 
WRITE(KOUT,lOS) F1,WTM,SER,SLOPE 
c----
105 FORMAT(lHO,'F=',F10.2,5X,'MOL WT.m',FIO.2,5X,'STD. ERROR',F8.5, 
1 5X,'SLOPE=',F8.S) 
C 










112 FORMAT('lSUMMARY'//lX,' COMP RUN MOL WT 
DO 7 K=l,NN 
SUM=SUM+WTMS(K) 
SS=S S +~~TMS (K) ** 2 
WRITE(KOUT,110)NNRUN(K),WTMSCK),SERS(K) 
110 FORMAT(7X,16,F10.1,FIO.4) 




111 FORMAT(lHO,'AVE:',Fl0.2,lOX, '~TD.DEV.=',F8.2) 











(1 - VP) 
Following cards 
Cols-
One pair of detailed 
observat i ons per card 
N.B. 
All values except those 
of the first card, must 
contain a dec imal point 
as a character in the 
number fie ld 
Blank card: 
To Terminate Job. 
Compound Ref. No. 
Experimental Run No. 













































. B 5" , ., 





1 - 4 
5 - 8 
9 - 12 
13 - 5'2 
1 - 12 
13 - 24 
25 - 36 
37 - 48 
optical density 



















1 I t f , 












































CUMPOUND 15 RUN NO. 1 MAGNIFICATION FACT OR = 27.5 0/1.62 
NO RMAL F<;U 220tj 6M GUHCL W2= 0.12005E 08 DE NOM= 0.1917 0 
TEMP.=292.85 
R R**2 O.Q. LN (l.)L)) EST OIFF 
4. 90 35.86 0.100 -2.302;'0 -2.~~763 -0.01495 
5.00 35.~3 O. p~ -2.16282 -2.16793 0.00511 
5.10 36.00 0.130 -2.04022 -2.04!;11 0.0078~ 
5.20 36.07 9·147 -1.91732 -1.92817 0.01084 
5.30 36.14 O.16~ -1.81400 -l.oOtHl -0.0 0 58 0 
5.40 36.21 0.10' -1.Q~739 -1.68795 0.0005 5 
5 .50 36.,8 0.207 -1.5750" -1.~67b6 -0.0 0737 
5 . 6U 36.35 0 . 23S -1.44816 -1(1 4 4724 -0.0 00'i2 
5 . 70 36 .43 0.260 -1.34707 -1.3 2672 -0.020 34 
,. 00 36.5 0 0.300 -1.20397 -1.20608 0.0 0211 
5. 9 0 36.57 0.333 -1 .• 09961 -1.08531 - 0 .0 14 29 
6 . 0a 36.64 0.380 -0.96758 -0.9<l444 -0.00 :31 3 
6 . 10 36.71 0.435 -C.I:D240 -0.84343 0.01102 
6 . 20 ;3 6.7 d 0.4/;)5 "'0.7 .2 360 -0 . 7 22 31 - 0 .001 2'1 
I 
6. 30 36 . e~ O .~~:' - 0 .5ts87b - 0 .6u10e 0 . 01229 
6 . 40 36. 9 3 0.63 0 -0.46203 - 0 .4 7974 0.01 77 0 




CCt-1P RUN MOL wT ST ERR 
1 35874.6 0.0453 
2 ~p5~".1 0.0693 
3 36532.9 0.0734 
4 35287.2 0.041" 
~ 36043.7 0.0693 
6 34093.0 0.0810 
7 353ii.6 0.0327 
8 3448b.1 0.0575 
9 35~12.8 0.042.2 
10 365t20.3 0.0324 
11 36210.5 0.0594 
12 35849.2 0.0717 
AVl,:::; 35663.94 STD.DEV.= 768,40 
APPENDIX 3 
Co~puter programme used for the calculation of mean residue ellip-




TABLE OF H~ VALUES 





ThE LAST NUMBER OF THE HR AND HS VALUES MUST BE A NFGATi If 
NUM~ER. THE REST OF THE FIELD BEING FILLED wITH l~ ROS OR 





THE MAXIMUM NUMBER OF HR AND HS VALUES IS 3000 EACH. 
THE PROGRAM WILL BE TERMINATED IF THE NO OF VALUES EXCEEDS 
3000. 
IF THE FIRST HR OR HS VALUE ON A RECORD IS ZERO. THE WHOLE 
RECORD WILL BE IGNORED ON THE ASSUMPTION THAT THE RECORD WA 
EMPTY (I.E. NO CHARACTERS PRECEDED THE CR AND LF). 
C---- THEREAFTER 
C----- THE DATA MUST BE PUNCHED IN THE FOLLOWING ORDER-
C----- IDENTIFICATION OF THE SAMPLE MUST BE PUNCHED IN THE 
C----- FOLLOWING WAY-
r _ _ __ FIR ST ~O CHARACTERS FOR THE SAMPLE NAME. 
C---- SECOND 25 FOR THE SOLVENT. 
c---- THIRD 8 FOR THE DATE. 
C--- - FOURTH 3 FOR THE MODE.- 'ORO' OR 'CD' 
C---- THE PARAMETERS FOLLOW IN F10.2 FORMAT AND ARE-
C---- FIFTH ~RW - MEAN RESIDUE WEIGHT OF SAMPLE 









C----- YYl - Y-COORDINATES OF POINTS PLOTTED. 





C---- YMIN,YMAX.XMIN,XMAX MUST BE IN COMMON TO PRESERVE THEIR VALUES 
C---- BETWEEN CALLS TO 'PLOT'. 
C----------VARIABLES AND PARAMETERS. 
C----------
C----------yY=MEAN RESIDUE ROTATION/ELLIPTICITY. 
C----------HS=SIGNAL HEIGHT OF SAMPLE. 
C----------HR=SIGNAL HEIGHT OF REFERENCE. 
C----------MRW=MEAN RESIDUE wEIGHT OF SAMPLE. 
(---- - - ----S=SENSITIVITY SETTING ON INSTRUMENT IN DEG/CM. 
C----------LEN =LENGTH OF CELL IN CM. 
C----------CON=CONCENTRATION OF SAMPLE IN MG/ML, 
C----------CS=CHART SPEED IN CM/MIN. 
C----------WE=WAVELENGTH EXPANSION IN NM/CM. 
C----------FDCzFREQUENCY OF DATA COLLECTION. IN SEC. 
C----------CF=FREQUENCY AT WHICH CALCULATIONS HAVE TO BE PERFORMED. 
~ - --- -~ ' WdSTART NG WAVELENGT H. 
C----------SS=SCANNING SPEED. 
C----------WLSPF=WAVELENGTH SPAN CORRESPONDING TO 'PUNCH FREQUENCY. 
C----------SAMPL=NAME OF THE SAMPLE. 
C----------REFER=NAME OF THE REFERENCE. 
C----------MODE=ORD OR CD. 
C----------wL=WAVELENGTH. 
DATA IMODE(ll.IMODE(2)/'C','D'/ 
OATA PT I 4 I 
DATA IBLNK I' 'I 
CALL RBOUT(33l 
C---- TREAT EXCLAMATION MARK AS RUBOUT CHARACTER 
C----------READ IN ALL THE INFORMATION OFF PAPER TAPE. 
J=l 
K=12 
1 READ(PT.903l (HS(L),L=J,Kl 
IF ( tiS ( J ) ) 5, 1, 2 
c---- IF THE FIRST VALUE IS ZERO, ASSUME AN EMPTY RECORD 
2 DO :3 laJ,K 




C----------TEST TO ENSURE THAT THERE ARE NO MORE THAN 3000 INPUT VALUES 
IF ( K-3000 ) 1 tl, 4 




C---------- ISTOR - NUMBER OF POIN TS STORED, 
J=l 
K=12 
6 READtPT.903) (HRtL) .L=J.Kl 
IF ( HRtJ) ) 9. 6. 7 
C---- IF THE FIRST VALUE IS ZERO. ASSUME AN EMPTY RECORD 




GO TO 6 
C----------READ IN THE IOENTIFl~ATlON OF THE SAMPLE. 
9 READ (PT,900) SAMPL 
900 FORMAT :30Al) 
C--- IF HEADING IS ALL BLANK. ASSUME AN EMPTY RECORD 
DO 10 Ja:1,30 
IF ( SAMPLtJ) - IBLNK ) 11. 10. 11 
10 CONTINUE 
GO TO 9 
11 READ (P T,90l) REFER, DATE. MODE 
901 FORMAT (25A 1 IBAl/3A1) 
c---------... --
C- ---------WRITE OU A HEADING 
~RITEt 3 ,906)CA~PL 'ReF R,DATE 
C----------R EAD IN ALL HE PARAMETERS USED. 
READ(PT,905)MRW .S .LEN,CON,WE,FDC.CF.CS.SW 
WRITE(3,907,MODE.MRW,S,LEN,CON,CS,WE,FDC.SW.CF 
C----------TEST WrlETHER THE MODE IS CD OR ORD. 
DO 12 I:: 1,:3 
IF ( I MODE t 1 , -MODE ( I , ) 12.13.12 
12 CONTINUE 
C----------WRITE A HEADING. 
WRITE(3,908) 





C----------PERFORM THE REQUIRED CALCULATIONS AND PLOT THE GRAPH. 
c----.... -.. - .. 
C----------CALCULATE THE SCANNING SPEED. 
SS::CS*WE 
C----------CALCULATE THE WAVELENGTH SPAN CORRESPONDING TO THE PUNCH 
C----------FREQUENCIES. 
WLSPF=SS*FDC/60. 
C----------CA~CULATE THE FREQUENCY WITH WHICH THE PUNCHED VALUES ARE TO 
C----------BE USED IN CALCULATIONS. 
FPVaCF/wLSPF 
M=IFIXIFPV+0.5) 
c---------- RAN - RANGE OF X AXIS. 
RAN=IIISTOR-1)/M+1)*CF 
FW=SW-RAN 




DO 18 I=1,ISTOR.M 
AIS 
C----------CA~CU~ATE THE DIFFERENCE BETWEEN HS AND HR AND CONVERT THl! 
C----------DIFFERENCE TO CM. 
DIFF:FLOATIHStl)-HRtl)I/25. 
Y=IDIFF*MRW*S*lOO.)/ILEN*CON) 











C---------- NPP - NUMBER OF POINTS PLOTTED. 
C--------- P~OT POINTS CALCULATED IACTUAL) 
IVAR:1 
WL=SW 







C--------- SMOOTH POINTS USING 5-POINT QUADRATIC FIT 
C--------- REPEATED A NUMBER OF TIMES TO IMPROVE THE APPEARANCE. 
DO 22 KSM=1.5 
NT=NPP-2 
DO 20 JJ~3.NT 
YY2IJJI=t3.4*YY1IJJ) + 2.4*IYY1IJJ-1)+YY1(JJ+1» 
$ - 0.6*IYYIIJJ-2)+YYIIJJ+2» )/7. 
20 CONTINUE 
C----- POINTS 1 AND 2 
A=(2.0*(YYlI51+YY111»-IYYlI4)+YYlI2»-2.*YYlI3) )/14. 
B=(2.0*tYYl(S)-YYl(1l )+IYYl(4)-YYl(2» )/10. 
YY2111=4.0*A-2.*B+YY2131 
YY2121· A-B+YY2(3) 
C----- POINTS NPP AND NPP-l 
A=(2.0*(YY1INPPI+YY1(NPP-4»-IYY1INPP-1)+YYIINPP-3» 
$ -2.0*YY1INPP-21 )/14. 
B-12.0*IYY1(NPPI-YYIINPP-4) )+IYYIINPP-l)-YYIINPP-3»)/10. 
YY2(NPP)=4.*A+2.*B+YY2(NPP-2) 
YY2 (NPP-l )= A~B+YY2(NPP-2) 
DO 21 J J : l ,N PP 
YY1( J J )=Y Y2 (JJ) 




DO 23 J J=l,(IIPP 
YY=YYl lJJ) 
CALL PLOT ( I VAR) 
WL=WL-CF 
23 CON TINUE 
CALL PLOT ( 3 . INT, lOVER) 
STOP 
902 FORMAT(lHO.40X.19HORD/CD CA LCULATI ONS /12 HOI NPU T DA TA- ) 
9 0 :3 F OR ~ , T ( 3 )( 12 ( 1 X ~ I 4 ) ) 
9 04 FORMAT(l X,1 4, ll I 5,2 H * ,14 . 1 15) 
905 FORMATCF 10.3) 
A19 
906 FORMAT(1116H IDENTIFICATIO N- / 1X.16 X.6HSAMPL E,26X.7HSOLVENT,2SX,4HD 
$ATE/17X . 30Al,2X . 25Al , 7X, 8Al ) 
907 FORMAT(lX,5HMODE-/ 1X,1 6X , 3A1/1X,llHPARAMETERS-/1X,16X,4HMRW-,F6.2, 
$lX.2HS= , F5.3. 1X,4 rl LEN=,F5 ,2, l X,4HCON=,F5.3 , lX,3HCS=,FS,2,lX,3HWE-, 
$F5e2 , lX , 4HFDC=,F5 . 2,lX,3HS W=, F6,2,lX,3HCF=,F5.211) 
908 FORMA T (lX,tlOHWAV E LE~GTH,2X ,2 1HMEA /~ RESI DUE ROTATION,6X» 
909 FORMAT( l X 10HWAVELENGTH , 2X, 24HMEAN RESIDUE ELLIPTICITY,3X) 
91 0 FORMAT( 4X. 4H(N M).8X,18H(DEG.sa.CM,/DMOLE» 
9 1 1 FOR MAT(lX,F 7 . 2 .F20.2) 
9 12 FORMAT( l X, 35HNUMBER OF INPUT VALUES EXCEEDS 3000/) 
END 




C---- IVAR: 1 - PLOTS OUTLINE, AXIS ETC. FOLLOWED BY 1ST POINT. 
C---- = 2 - PLOTS A POINT. 
C---- = 3 - TERMINATES THE PLOTTER. 




C- YMIN,YMAX,XMIN,XMAX MUST BE IN COMMON TO PRESERVE THEIR VALUE, 
DATA IMODE(1I,lMODE(2)I'C',tD'1 
DATA PI I ~.1415927 I 
C 
GO TO (1,8,9,lO),IVAR 
C----------INTIALISE THE SIZE OF THE RECTANGLE ENCLOSING THE GRAPH. 
1 CALL FSIlE(16,201 
C~---------INITIALISE THE ORIGIN 












LNTH c 16 
CALL FGRID(O,XGO,YGO,DIST,LNTH) 
C----------INSERT THE X VALUES. 














DO 3 1==1,26 
CALL FC HA R(X STRT, YS TRT, XWDTH,YHGHT,ANGLE) 
WRITE(7 ,90 1)Y~TRT 
901 FORMAT( F7 . 0) 
YSTR T=YSTRT+SC AL 
3 CONT IN UE 
YSTRT =YMIN+25.* SCAL 
DIST==SCAL 
LNiH= 25 
CALL FGRID(3.XGO,YSTRT,D IST ,LN TH ) 
C----------INITIALISE FOR THE GRAP H LA BELS . 
XSTRT=Sw-XSC AL* 17. 
YSTRT=YMIN-SCAL *1.5 
XwDTH=O.l5 
YHGHT a O.24 
ANGLE=O. 
CALL FCHAR(XSTR T,YSTRT, XWD TH,YHGHT .ANGLE) 
WRITE ( 7 , 902)SAMPL,REFER ,DA TE 
902 FORMAT(7HSAMPLE-.30Al.2X. 8HSOLVENT- . 25Al.2X.5HDATE-,8A1) 
XSTRT=FW+2.*XS CA L 
YSTRT=Y~AX+SCAL / 2. 
CALL FCHAR(XSTR T,YSTRT,X WD TH,YH GHT,A NGLE) 
C---- ------TEST WHETHER THE MOD E IS CD OR ORD. 
DO 4 1=1 t 3 
IF( IMODE( 1 )-MODE( I) )4,5,4 
4 CONTINUE 
GO TO 6 
5 WRITE(7,903) 
903 FORMAT(39HGRAPH OF ELLIP TI CITY AGAINST WAVE LENGT H) 
GO TO 7 
6 WRITE(7.904) 




C--------- PLOT A . POI~T. 
c------------




C-------- TERMINA TE - RAISE PEN AND RETURN TO OR I GI N 
9 CALL FPLOT(l,XO,YO) 
A21 




C----------PLOT THE SMOOTH LINE. 





Circular dichroism spectra of normal IgM, IgM(Sad) and some of their 















































Fig. AI: CD spectrum (205-250 nm) of normal 19M (buffer , 0.075 M- phos-
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Fig. A2: CD spectrum (235-325 nm) of normal I~M (buffer, 0.075 M-phos-








































Fig. A3: CD spectrum (205-250 nm) of 7-$ normal IgM (buffer, 0.075 M-
phosphate, pH 7.0; cell, O. I cm; concentration, 0.754 mg/ml) 
A26 



































Fig. A4: CD spectrum (235-325 nm) of 7-$ normal IgM (buffer, 0 . 075 M-
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Fig. A5: CO spectrum (205-250 nm) of 7-5 'gM(S~~) (buffer, 0.075 M-










































Fig. ~6; CD spectrum (235-,25 nm) of 7~S 19M(S~d) (buffer, 0.075 M-
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Fig. A7: CD spectrum (205-250 nm) of Fc~(Sad) (fraction 25b) (buffer, 
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Fig. A~; CD spectrum (245-350 nIT]) of Fc~(Sa~) (fraction 24b) (buffer, 
0.075 H-phosphate, pH 7.0; ~e ll, 1.0 em; I concentration, 0.695 mg /ml) 
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Fig. A9: CD spectrum (200-260 nm) of normal FC5~ (fraction 15b) (buffer, 




































Fig. AIO: CD spectrum (245-350 nm) of normal FC5~ (fraction 15b) (buffer, 
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Fig. All: CD spectrum (190-250 nm) of normal FC5~ after renaturation from 
0.01 M-Tris-4.0 M-GuHCl buffer, pH 8.0 (fraction T~b) (buffer, 0.075 M-





































Fig. A12: CD spectrum (245-350 nm) of normal FC5~ after renaturation from 
0.01 M-Tris-4.0 M-GuHCI buffer, pH a:O (fraction 16b) (buffer; 0.075 M-
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Fig. A13: CD spectrum (205-250 nm) of FC5~(Sad) after renaturation from 
0.01 M-Tris-4.0 M-GuHCl buffer, pH 8.0 (fraction 20b) (buffer, 0.075 M-
phosphate, pH 7.0; cell, 0.1 cm; concentration, 0.880 mg/ml) 
A36 
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Fig. A14: CD spectrum (245-350 nm) of FC5~{Sad) after renaturation from 
0.01 M-Tris-4.0 M-GuHCl buffer, pH 8.0 (fraction 20b) (buffer, 0.075 M-





































Fig. Al5: CD sp~ctrllT1 (205-250 nm) of normal FablJ (fraction l4b) (buffer, 






































Fig. A16: CD spectrum (230-350 nm) of normal Fab~ (fraction 14b) (buffer, 
0.075 M-phosphate, pH 7.0; cell, 1.0 cm; concentration, 0.809 mg/ml) 
